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Hayuno-texunueckuit penenzupyemsiii xkypHan «ToHkne Xxumu-
YEeCKHE TeXHOJIOTUI» OCBEIIACT COBPEMEHHBIC TOCTIKEHHS (PyH-
JTAMEHTAIIbHBIX ¥ MPUKJIAJHBIX UCCIEOBAHMH B 00IACTH TOHKHX
XAMHYECKAX TEXHOJIOTHH, BKIIOUAsi TEOPETUUECKHE OCHOBBI XH-
MHYECKOH TEXHOJOTHH, XMMHIO M TEXHOJIOTHIO JICKAPCTBEHHBIX
IpernapaToB U OMOIOTHUECKH aKTHBHBIX COEIUHEHMH, OpraHude-
CKHX BEIIeCTB M HEOPTaHMYECKNX MaTepHaIoB, OMOXUMHIO U O1o-
TEXHOJIOTUIO, CHHTE3 W MepepadoTKy MOINMEPOB W KOMIIO3UTOB
Ha MX OCHOBE, aHAJINTHYCCKHE M MAaTeMaTHIeCKHe METO/IBI U MH-
(hopManMOHHBIE CHCTEMBI B XMMHH H XUMHYECKOH TEXHOJIOTHH.
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COAEP>XAHUE

IOBUJIEUN

40 5 WNHCTUTYTY TOHKHMX XUMAYECKHX TexHomoruii nmenn M.B. JlomoHnocoBa — 125 net

TEOPETUYECKUE OCHOBbl XMMUYECKOW TEXHOJIOTUU
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EDITORIAL ARTICLE

M.V. Lomonosov Institute of Fine Chemical
Technologies celebrates its 125th anniversary

Penakuus xxypHana « ToHKHE XUMUYECKHE TEXHOIOT U
no3apasisieT MHCTUTYT TOHKUX XUMHUYECKHX TEXHOJO-
ruii umern M.B. JIomoHOCOBa co CcIaBHBIM FOOMIEeM —
125-netnem ero co3manus!

Hemuorue MockoBckue By3bl MOTYT TOpAUTHCS 00-
Jee ueM crojeTHed uctopueil. MucTuTyT Oeper cBoe
Hayajo ¢ 1 uroms 1900 1., korma B MocCkBe 1o BhICOYai-
neMy noseseHuo umneparopa Hukonas I 6111 o6pa-
30BaHbI MOCKOBCKHE BhICIIHE skeHCKHE Kypcehl (MBXKK)
YHUBEPCUTETCKOIO THUIA Ul MTOATOTOBKH >KEHIIHH AJIs
MIperoJaBaTebCKOi, HAyYHOHN 1 IPAaKTUUECKON e TelNb-
HOCTH B 0OJIACTH €CTECTBEHHBIX HayK. Kypcwl coctos-
M U3 ABYX (hakymbTeTOB — (PH3MKO-MaTEeMAaTHUECKOTO
U UCTOPHUKO-(ritocockoro. [1epBrIii BBITYCK COCTOSIICS
B 1904 r.

B 1918 r. pemenniem Konnernn napogHoro komucca-
puata 1o npocserienuro MBXK 6putn mpeodpa3zoBaHb
BO 2-i MOCKOBCKMH IOCYIapCTBEHHBI YHUBEPCUTET,
a B 1931 . mocranoBnenneM CoBeTa HAPOAHBIX KOMHC-
capoB CCCP «MOCKOBCKUI HUHCTUTYT TOHKOH XUMHYe-
ckoit TexHojorum» (MUTXT) Obut yTBepKIIeH Kak ca-
MocTosATeIbHBIN By3. B 1940 r. 3a HayuHbIe JOCTHKEHUS
B ITOJTOTOBKE BBICOKOKBAJIH(DHUIIMPOBAHHBIX CIICIIAAIN-
ctoB MUTXT npucsoeno umsa M.B. JlomoHocoBa.

B romst Benukod OteuecTBEHHOW BOWHBI TIpe-
nojaBarenu, yudeHole uW  coTpymHuku ~MUTXT

umenn M.B. JlomoHOCOBa BHECIM IOCTOMHBIA BKJIAL
B [ToGeny. bomObI BhIcOKO# MomHOCTH H.W. T'enbniepuna,
cBepxnpouyHast Oponss K.A. BonbmiakoBa, yHUKalIbHbIC
nekapcTBeHHble Tpenaparel H.A. TIpeoGpaxeHckoro,
HOBBIE 3yacToMepHble Marepuansl b.A. Jloragkuna
OBUTH OlIEHEHBI CeMbI0 CTATMHCKUMHU ITPEMHUSIMHU.

B 1993 r. mpukazom [ocymapcTBeHHOro KOMHUTETA
Poccuiickort ®eneparuu mo BhICIIEMY 00pa30BaHHUIO
MUTXT nepenmenoBaH B MOCKOBCKYIO rocyaap-
CTBEHHYIO aKaJIeMHIO TOHKOM XMMHUYECKON TEXHOJIOTUHU
uM. M.B. Jlomonocosa, a B 2011 . MUTXT noxyuun
craryc ['ocynapcTBEHHOTO YHUBEPCUTETA.

B 2015 r. B pesynbrare oobequnernss MUTXT ume-
Hu M.B. JlomonocoBa, MOCKOBCKOTO TOCYAapCTBEH-
HOTO TEXHHYECKOTO YHHUBEPCHTETa PaTUOTECXHHKH,
anexkTpoHukn u aBToMatuku (MUPOA) u MockoBckoro
TOCYIapCTBEHHOTO YHUBEPCUTETa MPHOOPOCTPOCHUS
u uapopmaruku (MI'VIIN) mpousomnuio obpazoBaHue
MOCKOBCKOTO TEXHOJIOI'MYECKOI0 YHHUBEPCUTETA, I103-
ke mepeuMeHoBaHHOro B «MUPDA — Poccuiickuii
TexHoJoruueckuit yHusepcutet» (PTY MUPDA).
C osTOoro MomMeHTa OTKpbLIach HOBasl CTpaHULA pPas-
BUTHA MHCTUTYyTa TOHKHUX XHMHUYECKHX TEXHOJO-
ruit umenn M.B. JlomonocoBa. B HacTosiiiee Bpems
OCYIIIECTBIISIETCA Cephe3HOoe IepeocHamenne 18 xa-
¢denp wmHCTHTYTa, co3mano 10 wmeramaboparopuit
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1 y4eOHO-Hay4HBIX IEHTPOB, YTO OTKPHIBAET HOBBHIE
BO3MOXKHOCTH JUIsI OOYYeHUS] U HAYYHO-TEXHHUYECKOTO
TBOPYECTBA CTYJICHTOB BCEX XUMHUKO-TEXHOJIOTHUYECKUX
HanpasieHuit PTY MIPOA.

Hayunple mrkompl, CO3MaHHbIC TUIESION BBITAIONTIX-
C YUYEHBIX U OPraHU3aTOPOB POCCUICKON HAyKH, B pas-
Hble nepuosl npenofasasimux B MBXKK win MUTXT:
akamemmkamMu H.J[. 3emmackuM, A.H. HecmesHOBBIM,
SLK. CoipkunbiM, K.A. AaipuanoBeim, [.I. HameTkuHbIM,
I'T. ¥Ypazoseim, C.C. Mensenesbim, M.H. Hazapossim,
N.JI. Kaynsauem, W.I1. Ammvapunasiv, H.I1. ®enopenko,
B.J. llIBenioM, yCneniHo pa3BUBAKOTCS UX MOCJIEI0BaTe-
JISIMU — YYEHBIMU HAIllEro MOKOJIEHMS.

Mpmuorue Boimyckaukn MUTXT cocraBumm 30510TOM
¢doux Poccuiickoit Hayku B oOnactu (GpyHIaMEHTAIBHOMI
XUMHUHM ¥ XUMHUYECKHX TexHosoruil. bonee 30 BhImyck-
HUKOB TIONIYYHJIM 3BaHUS UJICHOB-KOPPECIIOHICHTOB
U axkajgeMukoB Poccuiickoil akageMuu HayK, CO34ad
BEJIyIIME HAYYHBIE IIKOJIbI, BO3IIABUJIN HAyYHbIE MHCTH-
TYTBI, KPYITHBIC TIOIPA3/ICIICHUS B Pa3IMUHBIX 00pa3oBa-
TEJIbHBIX U MPOU3BOJCTBEHHBIX OpraHU3alUsAX, YI0CTO-
€HbI TOCYJTapCTBEHHBIX MPEMUN U HArpa/l.

WNHcTHTYyTOM TIPOHIEH TPOMAIHBIN MyTh B 00pa3o-
BaHUM U Hayke. [IoMUMO HEOCHOPUMBIX TOCTHUKECHUU
B 00J1aCTH XUMUHU U XUMHYECKHUX TexHosoruii, MUTXT
BCerJa ObII BY30M C «YEIIOBEYSCKUM JIMIoM». Jlake
B CIIOKHBIC TOABl TOHEHHH MO OTHEIbHBIM BOIPOCaM
Pa3BUTHSI HAYKU BY3 OTJIMYAJICS CTOMKOMN Mmo3uuuen, mo-
3BOJISIIONIEH TIO/JIEP’KUBATh YYEHBIX, TMPOJIBUTAIONINX
COBpEMEHHBIC HaIpaBicHHs (yHIAMEHTAIBLHOW U TIPH-
KJIagHOW XuMuH. Vctopust mokazaja npaBUIbHOCTD T10-
suril pykoBoactea MUTXT, B koTopoMm 1 10 ceif 1eHb

['maBHBIN pemakTop KypHaIa
«ToHKHe XUMHUECKHE TEXHOIOT U

~

TIOJIICP’KUBAIOTCS TPAJAULIMU JTO0OPOKETATEITBHOTO U WH-
TEJUIUTEHTHOI'O OTHOILLIEHMS K CTYAEHTaM U YBa)KUTEJIb-
HOT0 OOLICHUS MEXY KOJJIEraMu.

Bricmie jxeHCKHE Kypchl — 3TO HMCTOK, Haudajo
JUIMHHOTO IIyTH, IO3TOMY YMECTHO BCIOMHHUTBH BBbI-
JAIOLINXCS  KEHIIWH-BBIMyCKHHUL. JTo EkaTtepuHa
AnexceeBHa DypueBa — MuHuctp Kyiustypsl CCCP;
marymka Cepapuma (A.T.H., mpodeccop Bapsapa
BacunbeBna Yepnas-UuuaroBa) — miepBas HacTO-
arenpHUIla  HoBomeBHYBEro  MOHACTBIPS, BOCCTa-
HoBuBmIass ero B 1994 r1.; ampnuamMcTka JIF00OBB
T'eopruesBna Koporaesa, Bogpy3usmas B rojsl Bennkoin
OTedecTBEHHON BOWHBI COBETCKOE 3HaMs Ha DIbOpyce;
matematuk Oubra Hukomaesna IlyGepOwiiep, co3-
JlaBlIasi YHUKaJIbHBII Y4eOHHMK O aHaJUTHYECKOH Te-
omerpun; wi.-kopp. AH CCCP Pumma IlopdupseBna
EBcturneesa, pexkrop MUTXT (2005-2015), n.T.H.,
npodeccop dponkoBa Amra KoHCTaHTHHOBHA M MHO-
TUe JIpyTue.

OcnoBubie Bexu B uctopun pazsutus UTXT nme-
HA M.B. JIoMOHOCOBa, MHOTOYHCIIEHHBIE JIOCTHXKEHHS,
Kpatkue Ouorpaduyeckue CrpaBKH O BCEX BBIIAIOIINX-
Csl YUCHBIX, MPEMOAABABIINX B WHCTUTYTE, a TakkKe 00
M3BECTHBIX BBITYCKHHMKAX, JOOMBIIMXCS BBICOKMX IO-
3ULUI B OpraHU3allid POCCHHCKOI Hayku, OepekHO
U ¢ OOJIBIIUM YBaXXCHUEM COOPaHBI M MPEJICTABICHBI Ha
caitire PTY MUPDA mitht.site.

Kenaem komnmektuBy WMHCTUTYTa TOHKHX XUMH-
yeckux TexHonorud umenu M.B. Jlomonocosa PTVY
MUPOA HOBBIX 3HAUNMBIX JOCTH)KEHUH B HAyKe U TIO/I-
TOTOBKE CHEIMAJINCTOB BBICOKOTO Kiacca JUIsl Hallen
CTpPaHBI.

A.B. Tumoresko
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AHHOTaUuS

Henn. Ipu pa3paboTke cxeM pa3ieNneHus >KUIKUX CMECeH J4acTo OTAAeTCs MPeAnodTeHIe KOHKPETHOMY TIPoLecCy WM cxeme. B penxnx
CITyJasiX pacCMaTPUBAETCS HE OJWH, a HECKOJIBKO aJbTEPHATUBHBIX BAPHAHTOB Pa3[CiIeHNs], Jalle OCHOBAHHBIX HA OXHOM (ha30BOM MPO-
necce, Kak mpaBuilo, pekrudukanuy. MMeromnmecs Ha ceromHs 0030pHbIC padOThI 0 0COOCHHOCTIM PEATU3ALUH TOTO HIH HHOTO IIpHUeMa
pa3menceHus CKOHIIEHTPHPOBAHBI HA KOHKPETHOM TIPOLIECCe: SKCTPAKTHBHAS PEeKTHU(UKAIMS, COUCTaHNE PEKTH(HUKALNK U PAcCIanBaHM,
aKcTpakius. KoMIieKcHbIe HCCIe0BAHMS ITO0 CPABHEHHIO CXeM pa3eieHHs cMecei pa3Hoi (PU3NKO-XUMUYECKOH MPUPOIBL, 0a3UpPyIOIINX-
s Ha Pa3HBIX MPOLECCaX M CHEIUAIBHBIX METOAAX, He MPOBOAMINCE. Hayunble myOmukanuy B JaHHON 00IacTy MPeCTaBICHBI (hparMeH-
TapHO U OTHOCATCS K ONpeeIeHHBIM 00BbEKTaM nccieoBanus. Llenbro HacTosmel paboTh! ABISETCS CPAaBHUTENIBHBIN aHAIN3 MPOIECCOB
1 METOJIOB pa3/ieNIeHNs! )KUAKUX CMecel Ha OCHOBE KPUTHUECKOTO 0030pa INTEpPaTyphl U Pe3yIbTaToOB COOCTBEHHBIX NCCIICOBAHMI.

Mertoabl. Pabota 6a3upyercst Ha KPUTHYECKOM aHANIN3€ TUTEPATyPhl U MaTeMaTHUeCKOM MOAEIUPOBAaHNH (ha30BBIX PAaBHOBECHH HA OC-
HOBE ypPaBHEHUH JIOKaTbHBIX COCTABOB C MCIIOIb30BAHHEM CBOOOHO PACTIPOCTPAHSIEMBIX TPOTPAMMHBIX KOMIIIIEKCOB.

Pesyabrartsl. [IpoBeseH 0030p Hay4HOIl IUTEpaTyphl, HA OCHOBE KOTOPOI'O IMOKA3aHbl JOCTOMHCTBA M HEOCTATKH KOHKPETHBIX IpHe-
MOB Pa3/Ie/ICHHUs] )KUJIKUX CMECeH, IPeHMyILecTBa 1 OrPAaHUYCHHSI Ha COUYETaHUE B OJJHOW CXEMe Pa3JIMYHbIX IIPOLECCOB (B TOM YHCIIe
B THOPHIHBIX TEXHOJIOTHAX).

BoiBoabl. [TepcrieKTHBHBIME HAMPABICHUSIMA JATbHENIINX UCCIEIOBAHMIA B 00JIaCTH CHHTE3a U CPABHEHUSI CXEM Pa3JIelieHHsi CMecei
OpPraHUYECKUX TPOLYKTOB 3a CUET MCIIOIb30BAHUS PA3IMYHBIX METOJOB M MMPOLECCOB pa3leseH s SBISIOTCS: OleHKa 3()PEKTUBHOCTH
MIPUMEHEHUS] Pa3JINYHbIX MPOIECCOB (PKCTPAKIIUY, PACCIauBaHUsI, CIIEIUATBHBIX IPUEMOB PEKTU(HUKAIINK) HA PA3HBIX dTalax pasje-
JICHUsI CMECH Pa3JINYHOM KOMIIOHEHTHOCTH; CPABHUTEIbHBIN aHAIM3 MPOIECCOB IKCTPAKTUBHOM U reTepOa3eoTPOIHON PEKTH(PUKAIINI
[PH pa3/iefiecHHH cMecell Pa3HOr0 MCXOIHOTO COCTaBa (BbIACICHHE 00NacTell SHEPreTHYECKOro MPEeHMYILEeCcTBa KakI0ro mporecca);
oteHKa 3 PEKTUBHOCTH pean3aiiy CXeM, OCHOBAHHBIX Ha COYETAHUH SKCTPAKIMHU C JPYTUMH IIPOLECCAMH, B 3aBUCMOCTH OT CTa (UK
pereHepanyu SKCTparcHTa.

KnioueBble cnoBa MocTtynuna: 23.01.2025
cxeMa pasfienenns, (ha3oBble PaBHOBECHS, PEKTH(UKAINS, PAcCIanBaHUE, AopaGoTaHa: 05.02.2025
BapLUPOBAHME JIABIICHHS, SKCTPAKIIUS, SKCTPAKTHBHBIC areHThI, YHEPrO3aTPaThl MpuHsTa B neyats: 03.09.2025

Anga uMTnpoBaHusa

®ponkosa A.B., HoBpy3oBa A.H. CpaBHHTEIbHBII aHAIN3 CXEM Pa3leNICHUs KHUIKUX CMecel, OCHOBAaHHBIX Ha Pa3lIMUHBIX IIpoIeccax
u Meronax. Touxue xumuueckue mexronoeuu. 2025;20(5):407-429. https://doi.org/10.32362/2410-6593-2025-20-5-407-429
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Comparative analysis of liquid mixture
separation flowsheets
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REVIEW ARTICLE

Comparative analysis of liquid mixture
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119454 Russia
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Abstract

Objectives. When developing separation flowsheets for liquid mixtures, preference is often given to a specific process or flowsheet.
Although alternative separation variants are sometimes considered, these tend to be based on a single-phase process, usually distillation.
And while review papers on the specifics of implementing a particular separation technique exist, these mainly focus on the specific
process of extractive distillation, combination of distillation and splitting processes, and extraction. Moreover, studies comparing the
separation flowsheets of mixtures of different physicochemical nature based on different processes and special methods are fragmentary.
This study presents a comparative analysis of the processes and methods of liquid mixtures separation based on a critical review of the
literature and the authors’ own research results.

Methods. The study is based on the critical analysis of literature and mathematical modeling of phase equilibria using local composition
equations via freely distributed software packages.

Results. Specific liquid mixture separation methods, including combining various processes in one flowsheet (including hybrid
technologies), are compared in terms of their advantages and disadvantages.

Conclusions. Promising areas of further research in the field of synthesis of organic mixtures separation flowsheets through the use
of various separation processes and methods are identified. The effectiveness of the various processes (extraction, splitting, special
distillation techniques) is estimated at different stages of different number of components mixtures separation. A comparative analysis
of extractive and heteroazeotropic distillation processes when separating mixtures of different initial composition highlights the areas
of energy advantage of each process. The effectiveness of the flowsheets is estimated by combining extraction with other processes,

depending on the stage of extractant regeneration.
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BBEAEHUE

OcCHOBO# pa3pa0dOTKH TNPUHIMITHAIBHBIX TEXHOJIOTH-
YEeCKHX CXEM pasesICHUs sBiseTcsl nHpopmanus o da-
30BOM IOBCACHHNU CUCTEMBI, B TOM HYUCJIC IIPU HU3ME-
HEHUW BHEUIHUX YCIOBUW (JaBIEHUS, TEMIEPATYPHI),
a TaKke B IMPHUCYTCTBUU JOMOJHUTEIbHBIX BEILECTB.
MHoroo0pasue nposiBJICHUH TAaKoro MOBEASHHs TT03BO-
JSeT CO3/1aBaTb TEXHOJIOIMUYECKUE CXEMbl pa3lieeHus
pasHoO#l CTPYKTYphI, OCHOBaHHBIC Ha KOHKPETHBIX (a-
30BBIX MpOLECCaX WIM MX KOMOWHUpOBaHUU. Kaxkaprit
mporecc 00afaeT CBOMMHU OTPAHHYCHHUSMH, CBS3aH-
HBIMH ¢ 0COOCHHOCTSIMH (pa30BOTO PAaBHOBECHS CUCTEM:
JUTSL TIpoLiecca PeKTU(UKAIIMN TAKUMHA OTPaHUYCHUSIMU
SIBJSTIOTCSL  @3€0TPOIIBI, CelapaTprHuecKiue MHOTrooopa-
3151, OJIN30CTH JIETYYECTe KOMIIOHEHTOB; JUIS [IpoIiecca

paccianBaHUs — NPHCYTCTBUE M3OIMKHEI (TIPH ee pe-
IU3alMK B JKMJKOCTHOM Ceraparope); JUisl KCTpak-
I — HAJIUYUE CONOTPOITBI, KPUCTAIUTH3AIMH — TO-
YeK BTEKTHKH U T.JI.

YCII0BHO HCTIONb3yeMble TPUEMBI Pa3/ieIeH s MOKHO
pa3duTh Ha JIBE TPYMNITBL: MepBas OCHOBAHA HA HCIIOb-
30BaHUN «BHYTPEHHHX PE3EPBOB» CHCTEMBI (MCKIIIOYA-
€TCA BBECACHUEC HOBOI'O KOMIIOHCHTA B CI/ICTeMy), BTOpas
BCETNa MOApa3syMeBaeT I00aBICHWE HOBBIX BEIICCTB.
[lox BHYTpeHHHMH «pe3epBaMH CHCTEMBD» IIOHHMAET-
cs crienudurka mposBieHus (Ha30BOro MmoBeAeHUs, 00-
yCIIOBJIEHHAsI, HANPHUMEp, CMEIIECHHEM a3e0Tporna II0.
BIIMSTHIEM JaBJICHUS (pa3[elicHue B KOMIICKCE KOJIOHH,
paboTaroIMX MOJ Pa3HbIM JIABJICHUEM), MPUHAIICK-
HOCTBIO a3e0Tporna 00NacTH pacclavBaHus (COYeTaHUE
PEKTU(GUKAINN WM PACCIAUBAHUS), BIUSHHEM OIHOTO
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CpaBHUTENbHBIN aHANIM3 CXEM Pa3AENEeHNS XUAKUX CMECEN,
OCHOBA@HHBIX Ha Pa3/INYHbIX NMPOLLECCaX U METOAAX

A.B. ®ponkosa,
A.H. Hoepy3oBa

W3 TMPUCYTCTBYIOMIUX KOMIIOHEHTOB CMECH Ha OTHOCH-
TENFHYIO JIETY4YeCTh Hap JAPYTUX KOMIOHEHTOB (aBTO-
9KCTpakTuBHAs pekTudukanus (ADP)), pazHbie coCTaBbl
TOYEK a3e0TPOIOB M IBTCKTHK (COUETaHHE PEKTHU(HKA-
UM U KPHUCTAJUIM3AINH), KPUBU3HA CeNapaTpHICCKUX
MHOrooOpa3uii. JIpyrumMu cioBaMH, 3TO BO3MOXKHOCTH
MIPEOJIONICHUST OTPAHMUYCHHI, KOTOPBIC MPEIOCTaBISET
cama TpHpona cMecH. Bropas rpymma mpemycMarpuBa-
€T BBEJICHHE HOBOI'O BEILIECTBA, OMHOTO MM HECKOJIBKHX,
3a7ada KOTOPBIX MpeoOpa3oBarh (ha30BOE MPOCTPAHCTBO
U TMHAMHYECKYIO0 CHCTEMy Tporiecca pasnenerust. Crona
OTHOCSTCS IPOLIECCHI AKCTPAaKTUBHOH (DP), peskcTpakTus-
Holi (POP), (rerepo)aseorporHoii pexrudukammm (IAP),
OKCTPAKIINH, PA3/ICIICHNE B IPUCYTCTBUHA HHEPTHOTO ra3a.

OcoGeHHOCTH (hAa30BOrO IOBENEHUS] CUCTEM paz-
HOW KOMIIOHCHTHOCTH (B TIEPBYIO Ouepeib OMHAPHBIX
U TPOMHBIX) W OOIINE 3aKOHOMEPHOCTH TIIPOIICCCOB
WX pa3leNeHUs] U3y4eHbl J0cTaroyHo xopomo [1-3].
Bonbiroe KoIMuecTBO MyONMKAIMHA MOCBSIICHO HCCIIe-
JOBAHHIO PA3IMYHBIX MPOIECCOB Pa3ICICHUS KOHKPET-
HbIX cMeceilt. [TomaBmstoniee OOIBIIMHCTBO Pa0OT B ATOH
obmacti otHoOcsTCa K mpoueccy DP. JlaHHbIH mporecc
o0nmasaeT SBHBIMH TPEHMYIIECCTBAMH IO CPaBHEHHIO
C aJbTEePHATUBHBIMU METOIAMU Pa3/leIeHus: YHUBepca-
JIEH B OTHOIIEHUH CBOMCTB MCXOJTHOM CMECH, IpaKTHUie-
CK{ HE HIMEET OTPaHWICHUM, OTHOCHUTCS K SHEProdPQek-
TUBHBIM NpUeMaM pazzaenenus. Hegocrarkom mpouecca
SBIISICTCSI HEOOXOMMOCTh BBEJICHHUS HOBOTO BEIIECTBA,
YTO MOJKET HETaTHBHO CKa3aThCS Ha Ka4eCTBE TOITydac-
MBIX [TPOAYKTOB, a TAKKE UCIIOIb30BAHKE JIOTIOJIHUTEb-
HON KOJIOHHBI Uil pereHepanuu areHra. O6obmieHne
OTIBITA WCIONB30BaHUS Tporiecca DP mpu paszneneHun
cMecell pasHoil (DPU3UKO-XHMMUYECKON MPUPOIBI MIPHBE-
JIeHO B pabotax [4-8].

K sHeproapeKTHBHBIM NpHeMaM paszeiieHHs OT-
HOCST ¥ COYETaHHE MPOLECCOB PEKTU(HUKALMU U camo-
MIPOU3BOJILHOTO paccilanBaHusl. Y YUTHIBas TOT (aKT, 4TO
B PEAKIMOHHBIX CMECSX IPOU3BOJCTBA OPTaHHICCKHUX
BEIIECTB YaCTO MPUCYTCTBYIOT KOMIIOHEHTBI C OTPaHH-
YEHHOH B3aMMHONW pPACTBOPUMOCTBHIO (OpraHHYECKUE
¥ BOIHO-OpPTaHWYECKHE CMECH), JaHHBIH MpHeM pasjie-
JICHUSI HMCIONB3yeTcsl nocrtaroyHo dacto. OOoOieHme
[0 OCOOEHHOCTSIM pealu3allii JAHHOTO TpHEMa code-
TaHUs JIBYX MPOIECCOB U 3(D(HEKTUBHOCTH €r0 IPUMEHE-
HUS U pa3/ieieHus )KUIKUX CMeceil MpuBeaeHo B pa-
6otax [9, 10]. ABTOpHI 00CYXIAIOT BO3MOXHBIC MyTH
CHIDKCHHUSI DHEProNOTPEONICHNST TaKMX CXEM 3a CUeT
UCIIONTB30BAHMS JOMONHUTEIBHBIX JKUIKOCTHBIX Cella-
paTtopoB (M3MEHEHHME Ka4eCTBEHHOTO COCTaBa IOTO-
Ka (pIerMbl), BHIHOCHBIX JICKAHTEPOB, PEOpPTaHHU3aInU
CTPYKTYPBI [IOTOKOB CXCMBEL.

O0630pHBIX PabOT, MOCBAMIEHHBIX 3(dexkTHBHOCTH
MPUMEHEHHS SKCTPAKIMH W Pa3UIHBIX DKCTPArcHTOB
(KITaCCHYECKHX PACTBOPHUTENCH, MOHHBIX IKHIKOCTEH,

ITyOOKOIBTEKTHUECKUX PACTBOPOB) [UIsl Pa3[esICHUS
KUJIKHX cMeceld, kpaiiHe mauio [11-13]. B Gomnbrireii cte-
[ICHU Hay4HAas JUTEpaTypa Mo M3YUYCHHIO JaHHOTO IIpPO-
necca npeacraBii€Ha OTACIIbHBIMU CTaTbAMU, ITOCBALIICH-
HBIMH pa3pabOTKe TEXHOIOTHH pa3/IeeHIsI KOHKPETHBIX
cmeceil. DpdekTuBHOCTh MPUMEHEHHs Mpoliecca KpH-
cTaymm3anmu o0cyxnaercs B paborax [14-16].

O0001IeHe OMbITa WCIONB30BAHUS JIPYTUX IpHE-
MOB WJIM UX COYETaHHs HE MPOBOJUIOCH, B TUTEpaType
TMPUBOAATCA JIMIIb YaCTHBIC CIIyYan UX IMPUMCHCHUA.

Hacrosimiast crarbst MOCBSIICHA aHAIN3Y JIATEPaTyp-
HBIX HMCTOYHHUKOB, B KOTOPBIX MPOBOJIUTCS CpaBHEHUE
Pa3IMYHBIX METOMIOB pa3/elIeHUs: COYETaHUE MPOIIEeC-
coB (dKcTpakius / pektudukamus / pacciiauBaHue),
WCIONIb30BAHUE  CHCHUANBHBIX  PEKTH(PHUKAIMOHHBIX
METOIOB (BapbHpOBaHWE JIABJICHUS (pressure-swing
distillation (PSD)), AP, OP, AQP, POP, (aBT0)3KCTpaK-
TUBHO-TeTepoa3eoTponHas pektudukanus (ADIAP)).
s BBIsSIBICHUST OCOOCHHOCTEH W YCIOBHH peaynza-
UM TOTO WJIM MHOTO TPOIECCa WCIONB3YETCS BBIYMC-
JUTENbHBIA JKCIEPUMEHT C MPUMEHEHHEM MOJeNn
Non-Random Two Liquid, mapaMeTpsl KOTOpPO# B3STHI
n3 6a3pl MPOrpaMMHOTO KOMITICKCA FUTH COOTBETCTBY-
oleil HaydHo# cratbi. Bece Habopbl apamMeTpoB BOC-
MIPOU3BOJIAT 0COOEHHOCTH (Ha30BOTO MOBEJCHUS CUCTEM
¢ ommOKoH, He npeBbImaromei 3%.

[Ipencrasienne marepuana TpeOyeT cucTeMarh3a-
UM U CTPYKTYPUPOBAHMS TAKUX Oa30BBIX MOHATHH, Kak
Tporiece, METOA, MpUeM, pekuM pasaeneaus. K paccmo-
TPEHHBIM B CTaThe MPOLIeccaM OTHOCATCS peKTU(UKAIINS,
IKCTpaKIMs, paccianBaHue (OCHOBaHHbIE Ha (ha30BBIX
Iepexoax MepPBOro posIa), a TAakKe IepBaroparys (pas-
nenenue uyepes mMemOpany). Ilog MeTomom moHumaercs
CHOCO0 TOCTHXKEHHS TPeOyeMOro Ka4eCTBEHHOIO pasJie-
nenusi cmecu (Hanpumep, OP, PSD u 1.1.). [Tpuemsl niox-
pa3yMeBaloT COYETaHWE OTHOIO (OIHOPOIHBIE CXEMBbI)
WY HECKOJIBKUX (HEOAHOPO/IHBIE WM TMOPH/THBIE CXEMBI)
METOZIOB B OJHOM TEXHOJIIOTMYECKON cxeMme (Hampumep,
CoueTaHHe PEeKTH(MUKALUH M dKCTPAKIHH), (paKIHoHU-
POBaHUEC WM NPEAKOHIICHTPUPOBAHNEC MHOTOKOMIIOHCHT-
HOH cMecH (32 CUeT MCIONb30BaHNs KOHKPETHOTO METO/Ia
WM 1porecca). Peskum QyHKIIMOHUPOBaHHS ONPENEIsIeT
xapakrtep paboThI anmnapara (epuoAnIecKuid, HEpPepPbIB-
HBIW, CTAIlMOHAPHBIN, NTUHAMUYECKUI), a Tarkke Habop
TEXHOJIOTUYCCKUX apaMeTPOB, OOCCIICUMBAIOIINX HEKO-
TOPBIN PE3yNbTaT pa3aeicHus (Harpumep, JaBlIeHNue B KO-
JOHHAX, (JIETMOBOE UHCIIO, PACXOJ IKCTPAreHTa, YUCIIO0
CTyTICHEH pa3eieHus U T.10.).

CTpyKTypa TEXHOJOTHYECKOW CXEMbI pa3/eieHUs
OTIpEeTSICTCSl HANMYKEM, a TaK)Ke O0COOCHHOCTBIO Op-
TaHW3AIMA U HAMPABJICHUS PEIMKIOBBIX MOTOKOB: MpPHU
OTCYTCTBUH IOCJIETHUX CXEMa MMEET JIMHEWHBIN BUJ;
€CITM BCE armaparhl CXeMbI OXBauCHBI 00paTHOH CBS3BIO,
TO OHA MPEJICTABIICT COOOH pa3AeIUTENLHBIN KOMILICKC;
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cXeMa MOXKET COJIep)KaTh JTMHEHHYI0 YacTh U OJWH HITU
HECKOJIBKO KOMIUIEKCOB; HamOoee CIOKHAs CTPYKTypa
CXEMBbl — «KOMIUIEKC B KOMILIIEKCE.

TEOPETUYECKWUI AHAJTU3

OU3NKO-XUMHUYECKHE OCHOBBI MPOIIECCOB pa3ielieHUs
XOPOIIO HM3BECTHBI M TOJAPOOHO OCBEIICHBI B pado-
tax [1-3, 11-13, 17]. Kaxaplii U3 nporeccos, METOIOB,

a TaK)Ke MPUEMOB pa3JIeJICHUSI XapaKTepU3yeTcsi CBOU-

MU OTpaHWYCHUSIMH, 00IaTaeT CBOUMH JJOCTONHCTBAMHU

U HEJI0CTAaTKaMH, O KOTOPBIX TOBOPIJIOCH BBIIIIC.
[lepBbIif 3Tanm cuHTE3a CXeM pas3/eNeHus — Hcclie-

JIoBaHME (Hpa30BOTO TOBEIACHUS (TEPMOTMHAMHUKO-TOIIO-

JOTHYECKUI aHAINU3 CTPYKTYPbI JHarpamMMbl (ha30BOrO

paBHOBecus) [2, 17]. Takoit aHanu3 MoO3BOJISET:

1) ompenenuts CTPYyKTypy (HazoBoro moprpera (MHO-
roobpasue THIOB OCOOBIX TOYEK, c(POpMHPOBAHHBIX
HE TOJIBKO YUCTBIMH KOMIIOHCHTaAMH, HO U UX CMECsI-
MH, TIPOSIBIIAETCS HA (PAa30BBIX AMarpamMMax paBHOBE-
CUsl KHMIKOCTb—IIap, >KUAKOCTh—TBEPAOE BEILECTBO;
JMarpaMMbl pacclianBaHus (COACPIKAIIUE Pa3IMIHOC
YUCIIO KUIKUX (ha3) OTINYAeT MPHUCYTCTBHE Pa3iIHy-
HBIX MHOT000pa3uii pa3Hoii pazMepHOCTH (OUHOAAb-
HbIC / KPUTUYECKHUE ), CAMILICKCOB PacCIanBaHus);

2) yCTaHOBHTH HaJMUYUE OTPaHUYCHUH (Ha30BOIO paBHO-
BeCHs Ha KOHKPETHBIE MPOLIECCHI;

3) ompenenuTh TpeAeTbHbIE BO3MOXKHOCTH (IIpeeiib-
HO JTOCTHDKHUMBIE COCTaBBI) MPOIECCOB (HANpUMeEp,
OIpENeTICHUEM TpaHuIl obnactedl u momoodmacTen
PEKTU(PUKAINN UM KPUCTAJUIN3AllNH, TPaHHIL 00Ja-
CTH paccliaiBaHus);

4) ompeneiauts OCOOCHHOCTH HW3MCHEHHS CTPYKTYPBI
JuarpaMMbl KOHKPETHOTO BHJa PaBHOBECHUS (B TOM
YUCIIe BOBMOXHOCTH CHSITHSI OTPAaHUYCHUN) TIPH W3-
MEHEHUH yCIOBUI (IaBICHHS, TEMIIEPATYPbI);

5) OLICHUTHh BO3MOXHOCTH U IECPCHEKTUBHOCTHL COYC-
TaHWs Pa3HBIX MPOIECCOB 32 CUCT CPABHHUTEIHHOTO
aHayM3a CTPYKTYp AUArpaMM, OTHOCSIIUXCS K pas-
HBIM BHJIaM PAaBHOBECHS (HampuUMep, 3a CYeT Hallo-
KEHUsI OTHUX TUAarpaMM Ha JIPyTHE) WIH K OXHOMY
BUY — TIPH Pa3JIUYHBIX YCIOBUSIX;

6) ompenenuTh KAaueCTBEHHBIC COCTAaBbI MPHUMECHBIX
KOMITOHCHTOB (HAIpUMeEp, MPH BBIACICHUH YHCTHIX
BCIICCTB B MUCTHIUIATE WINA KyOe PEeKTHU(PHUKAIIMOH-
HOH KOJIOHHBI Ha OCHOBE aHalHW3a OCOOCHHOCTEH
VKITQIKH MYYKOB TUCTIUIAHUOHHBIX IJHHUN WIIH
IIPU PacCIIauBaHUU CMECHU B JKUIKOCTHOM CErapaTo-
pe, KOraa OfMH UK 00a CJosl, TOTEeHLIHATBHO MOTYT
TIPEICTABIATH MPOLYKTOBBIN TIOTOK);

7) BBLIBHTH B3aHMHOE BIIMSHHE KOMIIOHEHTOB 0a30BOM
CMECH JIpyT Ha Jpyra (M3MEHEHHE OTHOCUTEIbHOU
JeTy4ectd, (QopMHupoBaHUEe (IeTepo)a3eoTpoIoB
C MUHAMAIFHOH TeMIeparypoi KUIICHUS U T.1.) [UIs

OIICHKH BO3MOYKHOCTH MCTIOJNIB30BaHUS TaK Ha3bIBae-
MBIX «aBToyIporieccoB (ADP, aBrorerepoazeorpor-
Has peKTU(UKALINA);

8) ompenenuTh MOBEIECHUE CUCTEMBI B TMPUCYTCTBHH
CTIEIHATBFHO TTO0OPAaHHBIX BEIIECTB IS TAKUX MPO-
neccoB kak POP (u3MeHeHHe OTHOCUTENIbHOH JIeTy-
yectr), [AP (0Opa3zoBaHne HOBOTO a3e0TpOIa C MH-
HUMAaJIbHOU TEMIIepaTypoi KHITEHUs ), peKTH)HUKAIINS
CO CPETHEKUIISIIIUM areHToM (pasielieHHe CMecu
OOBIYHOM peKTH(UKAIMEH 32 CYeT KOPPEKTHOTO BhI-
0opa 3aJJaHHOTO pa3eiCHHs), SKCTPAKIHU (POpPMHU-
poBaHue 06JacTu AByX(pa3zHOTO paccIauBaHUs).

VYKe Ha 3Tane uccienoBaHus (a3o0BOTO MOBEICHUS
CHCTEMBI BO3MOXXHA TUCKPUMHUHAIINS TIPOIECCOB, METO-
JIOB pasJielIeHusi CMECH, a TaK)Ke BOSMOXKHOCTH HMX CO-
yeTanust (mpuemoB). VckitoueHne BapHaHTOB CBS3aHO
HE TOJIFKO ¢ NMPUHIUITHAIEHONH HEBO3MOXXHOCTBIO OCY-
LIECTBUTH TOT WJIM MHOM Ipoliece, HO U ¢ Lieaecoodpas-
HOCTBIO €TO0 peanu3anuy (HarpuMep, pa3aeiaeHnue cMe-
CH B KOMIUIEKCE KOJIOHH TIOJl Pa3HBIM JaBICHUEM IIPH
MaJioM CABHIE a3eoTpora, B komiuiekce DP ¢ manoce-
JIEKTUBHBIM areHTOM, B THOPUIHOM cXeMe, CoueTaroIei
PeKTH(UKAIINIO W KPHUCTAJUIA3AINIO, TIPU OJU3KHX CO-
CTaBax a3eoTporna U TOYKH IBTEKTUKHU, U T.1.).

BapuaHTbl MHOJKECTBA CHHTE3UPOBAaHHBIX CXEM pas/ie-
JICHUS TaJiee MOTYT OBITh TUCKPUMHHHPOBAHBI HA OCHOBE
HEKOTOPBIX Ka4eCTBEHHBIX MJIM KOJIMYECTBEHHBIX KpHUTE-
PHEB: 10 YHCIIY anmaparoB, BEIMYMHAM MaTepPHaIbHBIX
ITOTOKOB (KOTJIa YMCIIO CTEIIeHEeH CBOOOIBI CXeM paszeie-
HUSl OTJIMYHO OT HYJIS U AJIS pacyeTa MarepuasbHoOro 0Oa-
JIaHCa CIEAyeT MPOU3BOJIBHO 33aTh 4acTh IapaMETPOB)
1 T.1. BeiOpaHHBIE TIOCIIE TUCKPHIMHUHAIIMN CXEMBI MOTYT
ObITh MOAU(UIMPOBAHBI (CTPYKTYPHO ONTHUMHU3UPOBAHbI)
3a CYET CBS3BIBAHUSI MATEPUANBHBIX U TEIUIOBBIX MOTO-
KOB, HCIIONB30BAaHMS JIOTIONHHUTEIHFHOTO O0O0PYTOBAHMS
(Hanpumep, cenaparopoB, TEMJIOBBIX HACOCOB), UCIOJIb-
30BaHMS CIIOKHBIX KOJIOHH € TIEPETOPOIKOH (C GOKOBBIMU
0TOOpaMHU, C BHYTPEHHEH TIEPETOPOIIKO#) | T.1I.

CdopmupoBaHHOE HAa KOHEUHOM 3Tare CTPYKTYpPHOI
ONTHUMU3AIIN MHOKECTBO CXEM pasJieNIeHUs! MOIJICKUT
napaMeTpudeckoil ontumusanuu. Kpurepuem BbIiOOpa
ONTHUMAJIbHBIX MapaMeTpoB (MPU JOCTHUKEHUHU Tpelye-
MOTO KayecTBa MPOAYKTOBBIX (DPAKIUif) MOTYT BBICTY-
maTtek CyMMapHBIE 3aTpaThbl Ha KHITHIBHUKU KOJOHH
(st cxeM peKTU(UKANMOHHOTO pa3/IeieHHs), CyMMap-
HBIC SKCIUTyaTallMOHHBIC 3aTPaThl, CyMMapHbIe 00MIero-
JoBble 3arparthl (total annual costs, TAC), skooruyeckue
MOKa3aTenH (BEIOPOCHI YINIEKHCIIOTO Ta3a, MoTpebIcHue
BOJIbI, 00pa30BaHNE CTOYHBIX BOJM), & TAKKE KPUTCPUHU
HAWJTYYIINX JTOCTYIHBIX TEXHOJOTHHA B COBOKYITHOCTH.
BaxxHO OTMETHTB, YTO, HE3aBUCHMO OT BEIOOpa KpUTE-
pHsi, KOPPEKTHBIM CIIelyeT CYUTATh CPABHEHUE BapHaH-
TOB, JUISI KOTOPBIX HE TOJIBKO TOCTUTACTCS Tpedyemoe
KaueCTBO MPOMYKTOB, HO M MPUHUMACTCSI BO BHHUMAaHHE
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aJICKBAaTHOCTH («ONTHMAIBHOCTEY) MOXOOPaHHBIX yCIIO-
BUI, TapaMeTpoOB, CEJICKTHBHOCTh BBEIOPAHHBIX PAacTBO-
pureneil. Tak, Hanpumep, IPOBOJUTH CPaBHEHHUE IPO-
IECCOB, OCHOBAaHHBIX Ha 00aBIEHUH HOBOTO BEIIECTBA,
OIIMH M3 KOTOPBIX MAaJIOCENIEKTUBEH, HEKOPPEKTHO, I10-
CKOJIBKY B 3TOM CJIyyae OAMH U3 IPOLECCOB UM CXeMa
MIOCTABJICHBI B AIIPHOPU HEBBITOHBIC YCIIOBHSI.

(ABTO)3P M (aBTO)IAP

O06a Meroma moApa3yMeBaIOT BBEICHHUE HOBOTO BeEIIle-
CTBa 32 MCKIIIOYEHHEM «aBTo» mpoueccoB. DP u T'AP
OTHOCSAT K 3HEProd(p(HeKTUBHBIM NMpHEMaM pa3AeICHUS:

pa3HOypOBHEBasl I0jlaya areHTa W MCXOJAHOM CMecH
B mporecce OP co3maer MOMONMHUTENHHBIM TPOTHBO-
TOK B KOJIOHHE M (JOPMUPYET O00JIACTh MaKCUMaTbHOU
KOHHGHTpaHI/II/I arcHra B cpeﬂHeﬁ YaCTHU KOJIOHHBI JId
MOBBINICHUST d(PPEKTUBHOCTH pasjielieHus], padbora, 3a-
TpaurBacMas Ha pa3lieJieHHe CMECH, YaCTUYHO KOMIICH-
cupyercsi paboTOl CMEIICHUs! JIByX MOTOKOB NMUTAHUS;
B niporiecce AP noGamiieHue HOBOTO BellIeCTBa MPHUBO-
JIUT K 00pa30BaHMIO a3e0TpoNa THMA «HEYCTONYMBBIN
y3ei», 9TO ONIArONPHUSATHO BIUSET HA CHIDKEHHE TeMIIe-
paTypsl TIO BHICOTE KOJIOHHBI.

Kparkas xapakTepucTuKa MpOLECCOB U CXEM pasJie-
JIeHUs KOHKPETHBIX CMeceil mpuBeieHa B Taba. 1.

Tadmuua 1. Kparkas xapakTepucTHKa cMecell M MPOLIeCCOB UX pa3zieneHus ¢ npuMeHenueM (aBto)dP (A)DP u (aBro)['AP (A)IAP

Table 1. Brief characterization of mixtures and their separation processes using (auto)extractive distillation ((A)ED)

and (auto)heteroazeotropic distillation ((A)HAD)

OCOOCHHOCTH MapOKUAKOCTHOTO
paBroBecus (IIDKP)*; ITokazarenu
Cucrema Paznenstronuii areHT Ajsl IpoLeccoB CpaBHEHUS (A)TAP (A)DP
System Specifics of vapor-liquid Comparison (A)HAD (A)ED
equilibrium (VLE)*, process separating indicators
agent (SA)
Amnmaparsl / 2C+S 2C
Equipment
[lonoxuTenpHbli a3€0TPOIT; SN 54 33
st TAP — nenran
)y 6942.8 2007.8
Oranon—Boxa [18] JUtst OP — STHICHIIIMKOb 0
Ethanol-water [18] Positive azeotrope; Annapatst / DWC DWC
for HAD — pentane Eauipment 1CtS 1c
for ED — ethylene glycol wp
N 60 36
0 5538.1 1819.5
[TonoxxuTenpHbIi a3€0TPOIT;
amst TAP — nuKimorekcanod Ammaparel / 1C+S 2C
[Iponmonosas kucmora—Boaa [19] st OP — N-MIT Equipment
Propionic acid—water [19] Positive azeotrope; IN 18 40
for HAD — cyclohexanol 20 376.8 1816.4
for ED — N-MP
st TAP — BuHunanerar AHH’flpaTbI / 1C+S 2C
VYkcycHas kucinota—Boza [19] st OP — N-MeTtunaneramu Equipment
Acetic acid—water [19] - N 18 88
for HAD — vinyl acetate 20 1070.0 1832.3
for ED — N-methylacetamide
[TonoxxuTensbHbIN a3e0TpoIL;
n1s TAP — usonponuianerar Annaparei / 2C+S 2C
1-Mertokcu-2-nponason—soza [19] it OP — cynbdonan Equipment
1-Methoxy-2-propanol-water [19] Positive azeotrope; N 36 52
for HAD — isopropyl acetate =0 1795.9 22713
for ED — sulfolane
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Comparative analysis of liquid mixture
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Ta6auua 1. [Tponomxenue

Table 1. Continued

Oco0EeHHOCTH apOKHUIKOCTHOTO
paBuoBecust (IDKP)*; [MTokazatemnn
Cucrema Paznenstronuii areHT Asst Mpoueccos CpaBHEHHMS (A)TAP (A)DP
System Specifics of vapor-liquid Comparison (A)HAD (A)ED
equilibrium (VLE)*, process separating indicators
agent (SA)
[TonoxuTenpHbIH a3e0TpoIT; Arnapars! / 2C+S 2C/2C
st AP — uzonponunanerar Equipment
1-MeTtokcu-2-nponanoi—soza [20] it OP — .cynbd)onaﬂ / N-MII SN 37 35 /72
1-Methoxy-2-propanol-water [20] P0s1t1V§ azeotrope; 0 11870 6600 / 9040
for HAD — isopropyl acetate; .
for ED — sulfolane / N-MP TAC x 10 345 23.2/33.0
Anmrmaparsr / 3C+S 2C+S
Equipment
N 92 42
20 1017.6 455.2
33.1-2; TAC x 10° 3.66 1.96
s AP — tonmyon x ’ ’
Ora”on—Ttoiyon—Boza [21] i OP — munepux
Cxema
Ethanol-toluene—water [21] 3.3.1-2; ¢ UCTMI /
for HAD — toluene
for ED . : PCHMF
or L glyeero flowsheet _
AN 92
NG 735.8
TAC x 10° 3.23
3.2.0-2b;
Meranosn—Boja— ans ADP — Bona Anaparel / 3C+S 3C/4C
MeTHIMeTaKpuiar [22] st OP — ¢enon / AMCO u dpenon Equipment
Methanol-water—methyl 3.2.0-2b; IN 58 89/107
methacrylate [22] for AED — water =0 2369.7 4395.6/4477.4
for ED — phenol / DMSO and phenol

Ipumeyanue: *Bo BTOpOM CTOJIOIE yKa3aHBI TUIIBI a3eoTpona win kiacc auarpamMmel [DKP mo knaccudukammm JI.A. Cepadumona [23];
N-MIT — N-metun-2-mupponuaoH, JJMCO — mumernncynbhorenm; N — YHUCIO0 TEOPETHIECKUX TAPEeNoK, MT.; ) — TEIUIOBBIEC 3aTPaThl
Ha KHUIATHIBHUK KOJOHHBI, KBT; C — KOJOHHA, S — KuAKocTHOH cenaparop, DWC — KoJlOHHaA ¢ eperopokoi, yKa3aHa Ul CXeM,
B KOTOPBIX PaCCMaTPUBAETCS Ta e TEXHOJIOTHUS, HO C 3aMEHOM 0OBIYHON KOJOHHBI Ha ciiokHYI0; YCTMII — gacTu4HO CBsI3aHHBIE TETIO-
BbIe M MarepuaibHble TOTOKH; [AP — rerepoaseorponHas pextudukanms; P — skcrpaktuBHas pektuduramust, TAC — total annual
costs, USD/roz.

Note: * azeotrope type or VLE diagram class according to L.A. Serafimov’s classification [23]; N-MP is N-methyl-2-pyrrolidone; DMSO is
dimethyl sulfoxide; N is a number of theoretical stages; Q is reboiler duty, kW; C — column, S — liquid separator; DWC is a divided-wall
column—indicated for flowsheets that consider the same technology, but with the replacement of a conventional column with a complex
one; PCHMF are partially coupled heat and material flows; HAD — heteroazeotropic distillation; ED — extractive distillation; TAC —
total annual costs, USD/year.

CpaBHEHHE CXeM pa3JIeIeH s CMECH 3TaHOJI—BOJIa I10-
Ka3aJio, uto DP ¢ 3TUIICHITIMKOJIEM SIBIISICTCSI MEHEE dHEP-
ro3aTrpaTHBIM BapUAHTOM PaszeIeHUs (SKOHOMHUS TOPSIIKa
70% mo cpasuennto ¢ ['AP) [18]. Takas Gompmast pa3sHu-
IIa B dHEprosarparax CBsi3aHa ¢ TeM, 4TO JUIsA Mpoliecca
I’AP BBIOpaH ManoceaeKTUBHBII PAaCTBOPHUTEN (TIEHTAH),
4TO CKa3alioch Ha ero pacxone (it AP 751.6 kmomnb/u,
it OP 190 kmonb/4 Ha 100 KMOJB/Y UCXOHOM CMECH)

(puc. 1, coOTHOIICHNE KONMNYECTB IEHTAHOBOTO W BOIHO-
ro cnos Beite 12). Kpome Toro, nenran B npouecce [AP
HeoOxoauMo ucmapste. [loBeimieHne 3((heKTHBHOCTH
JAHHOTO TIPOIlecCa BO3MOXKHO 32 CYET HCIIONB30BAHMS
Jpyroro areHra (Hanpumep, 6eH3ona, 1ukiorekcana [1]).
OTHUICHIINKONb, HATIPOTHUB, B JIUTEpaType 3asBICH Kak
CEJIEKTMBHBIM PAcTBOPHUTENb Aiisi mporecca OP [24].
IIpuBenenHoe aBTOpaMH CpaBHEHHWE HEOOBEKTHUBHO,
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MIOCKOJIBKY OZIMH M3 IpolieccoB, B yacTHocTU AP, mo-
CTaBJIEH B allpUOPH HEBBITOAHOE MOJIOKEHHUE.

DraHon
Ethanol

100 : N
0 10 20 30 40 50 60 70 80 90 100
Ilenran Bona
Penthane Water

Puc. 1. Ctpykrypa $a3oBoii AuarpaMMbl CHCTEMbI
ITAHOJI-BOA—TICHTaH

Fig. 1. Structure of the ethanol-water—pentane system phase
diagram

Hcnonb3oBaHue CIOXKHBIX KOJIOHH C TEPEropoaKoi
MO3BOJIWIIO CHH3HUTH 3Hepronorpedienue kak jis [AP
(1a 20%), Tax u ans OP (1a 9.5%). Ha cootHowenue 3a-
Tpar MEeXJy CXeMaMH 3TO He MOoBIusAI0. OTiinyue B pac-
MTOJIO)KEHUU BHYTPEHHEW MEPEropojku (B BEpXHEH st
T’'AP u HuxHEH yacTu KoJOHHBI 11t DP) cBs3aHO ¢ 0co-
OCHHOCTSAMH peai3aliy MPOIECCOB.

100
HITA
" IPA

()

B pabore [19] moka3aHo, 4TO TpH pa3AciIeHUH CMe-
Ccell TOKEIOKUILAIMX KOMIIOHEHTOB AP MoxeT ObITh
Oornee 3HEProd(HEKTUBHBIM IPOILIECCOM  Pa3/ICICHUS
0 CpaBHEHUIO ¢ DP, 4TO 00YCIOBIEHO CHIYKCHUEM TEM-
mepaTypsl Iporecca 3a c4eT 0o0pa3oBaHUs a3e0TPOIIOB
C MUHUMAJBHOW TEMIIEpaTypOd KUIICHUS U BO3MOXKHO-
CTBhIO OTKa3a OT OJIHOW W3 KOJOHH (OJUH U3 CJIOEB, IO0-
KHUJIAIONIMNA CerapaTop, MPeICTaBIIsIeT COO0M MPOAYKTO-
BBl 1TOTOK). D deKkTUBHOCTS npouecca DP cHmkaeTcs
Mo MEpe pocCTa TEMIICPpATypbl KHUIICHUS KOMIIOHCHTOB
0a30Boii cmecH. [1pu BEIOOpE pa3/esSIoNero areHTa st
nporiecca AP HeoOXonuMO B KOMILJIEKCE OIICHHBAThH
O0COOCHHOCTH PABHOBECHS JKUIAKOCTb—IKHIKOCTh (TIPH
YCIOBUSX pabOTHI CemapaTopa) U KUAKOCTh—KHUIKOCTh—
ap, MOCKOJIBKY TOCIICAHUE BIHSIOT Ha BEIUUUHY PEIIH-
KJ10BOTO T10TOKA [ 19]. CrieryeT OTMETHTh, 9TO JIJIsl 000UX
MPOIIECCOB aBTOPHI BBHIOMpAId HanOoJee CEelICKTHBHBIE
areHThl Ha OCHOBE aHaJM3a JIUTEPATYpPhI, a TAaKKe pe-
3yIBTaTOB COOCTBEHHBIX MCCIICJIOBAHMIA, YTO TO3BOJIUIIO
KOPPEKTHO MIPOBECTH UX CPaBHCHHE.

[pu pasmenenun cmecu 1-METOKCH-2-TIPOMAHON—
Boja coctaa F (puc. 2) B IBYXKOJIOHHOH cXeme Mpo-
necc I'AP ocymecTBisiercss Bo BTropoit kojonue [20].
[TepBas xononna (C1) npenHazHaueHa JJIsl YaCTUYHOTO
OTACNCHHUST BOJBI C IENBI0 TOCICAYIONMET0 CHIDKSHHS
Harpy3ku Ha kojoHHy ['AP. Bo BTopoii komonne (C2)
MIPOMCXOJNUT CMEIUICHUE I[MOTOKOB TUCTHILIATA HEPBOU
KOJIOHHBI M OPTaHMUYECKOTO CJIOS, MOKUIAOIIETO JKH/I-
KOCTHOH cemaparop, ¢ IOCISTYIONIM pa3ieicHIEeM
HA YUCTBIA 1-METOKCH-2-TIPOMIAHON U CMECh a3e0TpPOIl-
HOTO COCTaBa BOJa—M30MpOIWIaleTar. baaHcoBbIe

0 10 20 30 40 50 60 70 80 90 100
B UIIA

W IPA
(b)

Puc. 2. banancossie muanu cxemsl [AP cmecn 1-metokcu-2-npomanon (MIT)-Boaa (B) B mpucytcrBun m3onponmnanerara (MI1A):
(a) TAP ocymectBasiercst Bo Bropoii koionae C2, (b) AP ocymecTpnsercs B nepBoii kononne Cl

Fig. 2. Balance lines of the heteroazeotropic distillation (HAD) flowsheet of the mixture 1-methoxy-2-propanol (MP)-water (W)
in the presence of isopropylacetate (IPA): (a) HAD is realized in the second column C2, (b) HAD is realized in the first column C1

ToHkne xummyeckme TexHonorum = Fine Chemical Technologies. 2025;20(5):407-429 413



Comparative analysis of liquid mixture
separation flowsheets

Anastasiya V. Frolkova,
Albina N. Novruzova

JIMHUU NPUBEIEHB! HA puc. 2a. Majas pacTBOPUMOCTb
M30MpoNuiaLeraTa B BoAE MO3BOJISIET BbIACIUTH OCTAT-
KM BOZBI B BUJI€ IPOJYKTOBOIO MOTOKA (TMPH HEOOXOIH-
MOCTH JJaHHBIH TIOTOK MOXKET OBITh TOOYHMIIICH B JIOTIOJI-
HUTEILHOW PEeKTH()UKAIMOHHOW KoJoHHE). CpaBHUBAs
CTPYKTYpy CXE€M, OTIHYaIoNmuXcs opranusanuein [AP
B kostonHe C2 unum Cl, cienyeT OTMETUTh, YTO B Tep-
BOM BapHaHTe yAaeTcs CHU3UTb COOTHOLLEHHE MOTOKOB
JucTUiuIATa U Kyoa B kononne AP (6anancoBast muHuUs
koJoHHBI C2 Ha puC. 2a) M0 CPaBHEHUIO C TEM JKE COOT-
HomeHueM B kosioHHe AP B konmonne C1 (OanmancoBas
nmuaus KonoHHb! Cl Ha puc. 2b), onHaKo, eciiu KOHIeH-
Tpanms BOABI B BOAHOM CJIO€ Cenaparopa yJAOBJIETBOPS-
eT TPEeIbIBISIEMBIM TPEOOBAHUAM, TO BTOpasi KOJOHHA
B Ki1accuueckoii cxeme AP Oyner oTcyTCTBOBATS.

s mponiecca OP paccMoTpenHO# OmHapHON cMe-
CH BBIOpPAaHBI [Ba CEJNEKTHBHBIX PACTBOPUTENS: CYIb-
¢donan u N-metun-2-nupponujon (N-MII), npuyem ce-
JIEKTUBHOCTH MEpBOro B 1.5 paza BhIlIe, 4TO CKa3aioCh
Ha MEHBIIEM PacXoje areHTa U MEHBIIMX dHeprosarpa-
Tax KOMIUIeKca 1o cpaBHeHUIo ¢ N-MII. Dueprosarparsl
cxem DP ¢ N-MII u T'AP conocraBumsl (otinune B 4%
B 10J163y OP), 11t OP ¢ cynbdonaHoM OHU 3HAYUTEITBHO
Huke (6osee, ueM Ha 30%). JlaHHbIN TpUMep HAITISAHO
WUTIOCTPUPYET, HACKOJBKO 3HAUUTEILHO MOXKET OTIIH-
yaTbCsl pe3ynbTaT paszesieHus 10 dHeprosarparaMm Ipu
cpaBHenuu cxeM OP u AP ¢ addektuBHBIME pacTBO-
pUTEITSIMHU.

CpasHuBast pe3yasratsl padoT [19] u [20], B KOTOphIX
pa3eneHnIo MOJICKUT OJHA U Ta K€ CMECh, HO Pa3HOTO
COCTaBa, MOXHO OTMETHTh, YTO NMPHU yBEITUYCHUHU KOH-
LEHTpaIyu |-MEeTOKCH-2-TIpOTaHoia B UCXOIHON cMecH
(cocrael F1 u F2 nHa puc. 2b) 3¢hdexTuBHOCTS MpHMe-
HeHus nporecca AP ¢ uzonponunaneratoM MnoBbliia-
ercs, a OP ¢ cynbdoranom — cHmxkaercs. OObSCHACTCS
9TO TE€M, YTO CHIXKAeTCs PacXo]] U30Mponuialerara, u,
KakK CIIeJICTBUE, COOTHOIIIEHUE KOJIMYECTB IUCTUILISATA
u kybOa B kojonHe ['AP (puc. 2b) (nmpoaykroBbie TOTO-
KU IIpeZICTaBJIeHbI B KyOe KoJIoHH). Takum obpa3oM, npu
cpaBHeHuu mnponeccoB OP u AP BaxxHO y4yuThIBaTH
HE TOJIKO TEMIIepaTyphl KUTIEHUS KOMIIOHEHTOB 0a30-
BOH cMecH (Jierko- wid Tspkejokursimue) [19], Ho u ee
COCTaB, KOTOPBIA HampsiMyto OyJeT BIHUATH Ha PACXo]
pactBoputens B [AP.

Jns pasneneHus cMecH 3TaHOJI—TONIy0JI—BoAa Mpe-
JIOKeHBI aBa Mmeroja: AP, B ToM 4mciie ¢ 4aCTHYHO
CBS3aHHBIMU TEIUIOBBIMH M MarepuUajbHbBIMH IOTOKa-
mu (UCTMII), u DOP [21]. IlepBbiii Ha3BaH aBTOpaMu
I'’AP, nockonbKy MaTepuallbHble IOTOKU CXEMbI OpraHuU-
30BaHbl TAKMM OOpa3oM, 4TOOBI B JUCTHIUISATE MEPBOM
KOJIOHHBI (B KyO€ «3TaHOI») BBIAEISIICA TPOMHOH rere-
poaseoTpor (0JJHAKO, HOBBII areHT B CHCTEMY HE BBOJHUT-
cs1). OP okazanack Goliee BBITOJHBIM BapHaHTOM (HIDKE
sHepreTuueckue u cymmapHsie rogossie 3arparsl (TAC).

Jannslit pakt 00yciioBIeH HEOOXOAUMOCTHIO UCTIONB30-
BaHMS TOJBKO ABYX KOJOHH PeKTH(UKAIMA; IS pa3ie-
JeHUs TMapbl BOJA—TOJYOJ HCIIOJIB30BaH >KUIKOCTHON
cenaparop (coueranue DP u pacciaumBanus). OHAKO
B 3aTparax Ha JaHHBIA Tpoliecc He OblIa ydyTeHa He-
00XOAMMOCTb HCHOJB30BAHUS JTOPOTOCTOALINX XJlaJa-
TCHTOB JIs1 KOHACHCALIWU TapOB JAUCTHUIUIATA KOJIOHHBI
pereHepanuy (TemMIepaTypa Bepxa KOJOHHBI COCTABIIS-
et 8°C). Cienyer OTMETUTb, YTO UCXOJAHAs CTPYKTypa
JuarpaMMbl ()a30BOTO PABHOBECHS TPOWHOW CHUCTEMBI
HEeOIaronpusaTHa IS peaii3aldd MeTona, OCHOBAH-
HOTO Ha COYETAaHMM PEeKTHU(UKALMU U paccIarBaHUs:
BONTM3W TPOMHOTO a3e0TpoIia B 00JIACTU C YCTOHYMBBIM
y3JIOM — 3TaHOJIIOM — HaOJIIOIAaeTCsl KacaHHue cemapa-
TpHC (pHc. 3), YTO B pe3ysbTare MPUBOIUT K TPYIAHOCTH
BBIJCJICHUA HOAaHHOI'O CIIMPTa W JOCTHIKCHHUSA COCTaBa
azeorporna (3pHeKTHBHOCTH KOJIOHHBI COCTaBWIIa 75 Te-
OpeTHYeCKUX Tapesiok). KojoHHa BbIIEIEHUS 3TaHOJa
B cxeMe ['AP Taxxke Xapakrepusyercs HauUBBICIIUMU
aHepro3arparamu (Ooiiee, ueM B 2 pasza 10 CpPaBHECHUIO
C OCTaJbHBIMU KOJIOHHAMHU OOEMX CXeM), T.e. JaHHBII
METOJ] TIOCTABJICH B APpHOPU HEBHITOAHOE MOJOKCHHUE.
ITpumenenne UCTMII mo3Bonmmiio CHU3WTH IHEPro3a-
Tpatsl cxeMbl ¢ I'AP, onHako He cienano ee KOHKYpPEeHT-
HocrocoOHoM nporieccy DP.

DraHon
Ethanol

‘_ V‘ 20
A’AVA' AT AN AN
90 L5 £ VA%VAVA "VA 10
100 SRR LRI 0
0 10 20 30 40 50 60 70 80 90 100
Tomyon Bona
Toluene Water

Puc. 3. Ctpykrypa auarpamMmsbl (ha30BOro paBHOBECHS
CHCTEMBI 3TaHOJI—TOTYOJI—BOJIA

Fig. 3. Structure of the ethanol-toluene—water system phase
equilibrium diagram

IIpu pasngeneHun cMecH METaHOJI—METUIMETaKpH-
JaT-BOJa CPABHUBAINCH CXEMBI pa3/ieNeHHs], OCHOBaH-
HBIC Ha WCIOJB30BAHUY JIOTIOJHUTEIBHBIX BEIIECTB!
OP, ADP, skctpakuus [22]. Mcnonp3oBaHue Ha MEPBOM
JTare mpolecca SKCTPaKuu Bofoi HeaddekTHBHO, mo-
CKOJIBKY TIOTOK 3KCTpakTa OyJeT MpeACTaBICH TPOMHOM
CMECBI0 C TIPCHMYIICCTBEHHBIM CONCPKaHHEM BOIBI
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W MeTaHoNa (MIpUMech MeTHUJIMETakpuiaTa okono 1%),
MOTOK paduHata — OWHAPHBIM (METHIMETaKpUIaT
C MpUMECHIO BOIBI Topsiaka 5%). [ia BelgesneHus Bcex
KOMITOHEHTOB B YACTOM BHUJIE TIOTPeOyeTCs MPUBIICYCHUE
JOTIOJTHATETBHBIX METO/IOB, UTO CKa)KeTCS HETaTUBHO
Ha dJHeprosaTpatax. Hammenblime sHepro3arparbl Ha-
omromarorcst s cxeMsl ADP ¢ Bomoi. Boga He TOIBKO
MIOBBIIIACT JIETYYEeCTh METHIIMETAKPIJIaTa, HO M CHIDKa-
eT TeMIlepaTypy Ipoliecca 3a cyeT oOpa3oBaHUs MOJIO-
JKUTEITLHOTO a3€0TPOoIa, YTO TOJOKUTEILHO CKa3hIBaeT-
cs1 Ha sHepro3arparax. [locnennue mus xkomoHHB! ADP
B 4 pa3a HHXKE IO CPAaBHEHMIO ¢ KOJIOHHOH DP ¢ ¢eno-
oM win gumetuwicyabpokeuaom (JAMCO). Ha temme-
parypHOoM Tipouiie KoJOHHBI ADP MexIy YpOBHSIMH
BBOJIa UCXOJTHOW CMECHU U IKCTPAKTUBHOTO areHTa (DA)
HaOJroflaeTcss  CHWIKGHUE — TeMIleparypbl — Ipolecca
B cpenHeM 10 56°C, mpu TemmepaTrype JTUCTHILISNTA T0-
paaka 80°C u kyba — 85°C. Ha npoduiie Temneparypsl

xosioHHBI OP ¢ IMCO, HanpoTuB, OTMEUAETCsI IOBbIIIE-
Hue Temneparypsl B cpeanem 10 100°C.

Hecmotps Ha TO, uro B neniom ADP BwIronHee, aB-
TOPBl PEKOMEHAYIOT OOpaTUTh BHHMAHHE Ha CXEMY
¢ (eHOIOM, TTOCKOJIBKY TIOCTICTHUH SIBISCTCS] CTaOMIIHU-
3aTOPOM METHWIIMETaKpuiara (IpeJoTBpallaeT ero mojiu-
MEPHU3AIINIO), TAKKE B JAHHBIX CXEMaX I1EeJICBOH MPOILYKT
MOJTy4aeTcst Oosiee BEICOKOTO KadecTBa.

CoueTaHue pacCMOTPEHHBIX JIBYX METOMOB, IIPHU yC-
JIOBUH, 4TO DA SIBISICTCS KOMIIOHEHTOM 0a30BOH CMECH
(B omHoM armmapate ADI'AP), kak nmpaBuIio, OKa3bIBaeTCsI
cambIM 3(h(heKTUBHBIM C TOUKH 3pEHUs SHEpro3arpar Ba-
puaHToM paszenenus [22, 25, 26].

9P u PSD

XapakTepuCTHKa MPOIECCOB U CXEM pa3AeJCHUS KOH-
KpEeTHBIX cMecell mpuBeeHa B Tadi. 2.

Tab6auna 2. Kpartkas xapakTepucTrka CMecei 1 MpoIeccoB UX pasaeneHus ¢ npumenerrneMm DP u PSD

Table 2. Brief characterization of mixtures and their separation processes using ED and PSD

Cucrema Oco6ennoctu TDKP* [Moka3arenu cpaBHEHUSI PSD OP
System Specifics of VLE* Comparison indicators ED
Anmnaparst / Equipment 2C 2C
N 56 106
U . . 20 4293.6 3027.1
somponaon- OJIOXKUTEIBHBIH a3e0TpoIT; TAC x 106 B 1.964
JIMHA30TIPOITHIIOBEIH 3up [27] it OP — 2-MeTOKCHITaHOI
Isopropanol—diisopropyl Positive azeotrope; C
YCTMII / PCHMF flowsheet
ether [27] for ED — 2-methoxyethanol xewa ¢ owshee
AN 56 120
20 4085.2 2677.1
TAC x 10° 1.851 2.149
Amnmapars! / Equipment 2C 2C
JunponunoBsiit [TonoxxuTenpHbIN a3€0TPOIT; SN 24 67
a¢up—#-niponanon [28] i OP — 2-MeTOKCHITaHOoI
. . 20 1058.3 816.7
Dipropyl Positive azeotrope; 6
ether—n-propanol [28] for ED — 2-methoxyethanol TAC x 10 0.632 0.896
Kar. 3atp. x 109/ Capital expenses x 10° 1.479 2.364
Anmapars! / Equipment 2C 1C (DWC)
[TonoxxuTenpHbIi a3€0TPOIT; (4CT™MIL/
AUETOHUTPUII—H-TIPOTIaHoN [29] st OP — N-MIT PCHMF)
Acetonitrile-n-propanol [29] Positive azeotrope; IN 41 38
for ED — N-MP 20 21333 2716.7
TAC x 10° 0.920 1.18
Arnmnapars! / Equipment 2C 2C
. . 301 HOHO)I(HT;J;LHLI; 1f;f.(f;oOTpon; SN 29 35
erparuapodypaH—Boaa st OP —
PArIAPORYPAITEOA o 20 1985.9 1391.7
Tetrahydrofuran—water [30] Positive azeotrope; .
for ED — DMSO Kan. 3arp. x 100/ Capital expenses x 10° 0.430 0.473
TAC x 10° 0.600 0.469
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Ta6auua 2. [Tponomxenue

Table 2. Continued

Cucrema Ocobennoctu IDKP* INoka3arenn cpaBHEHUS PSD OP
System Specifics of VLE* Comparison indicators ED
Cxema ¢ UCTMII / PCHMF flowsheet
N 29 35
20 1450.4 1324.9
TTOOKHTE b I a360TpOTT: Kar. 3arp. x 109/ Capital expenses x 10° 0.426 0.470
Terparuapodypan—sozaa [30] st OP — JIMCO TAC x 10° 0.479 0.454
Tetrahydrofuran—water [30] Positive azeotrope; Cxema ¢ IICTMII / FCHMF flowsheet
for ED — DMSO SN 29
20 1414.16 -
Kan. 3arp. x 100/ Capital expenses x 10° 0.458
TAC x 10° 0.487
Anmnapars! / Equipment 2C 2C
306y raHon— [lonoxkuTenpHpli a3€0TpoIL; SN 46 30
i OP — n-OyTunmponuoHar
u3o0yTunanerar [31] o 20 1275.0 930.6
Isobutanol-isobutyl acetate [31] Positive azeotrope; 6 i 6
Yy for ED — n-butylpropionate Kam. 3atp. x 10° / Capital expenses x 10 2.79 4.62
TAC x 10° 1.26 1.69
Amnmnaparst / Equipment 2C 2C
N 49 156
20 3220.0 10270.0
Ka. 3atp. x 10°/ Capital expenses x 10° 1.61 7.34
TOnOKUTEBHBII a3eoTporr; | JHEPro3aTparsi X 10%/ Energy expenses x 10 0.737 2.29
Metanon—xaopodopm [32] it OP — w-mpomnanon TAC x 10° 1.27 4.73
Methanol—chloroform [32] Positive azeotrope; C yuerom VDC / Including VDC
for ED — n-propanol Kan. 3arp. x 100/ Capital expenses x 10° 1.48 7.27
Dueprozarparsl x 10°/ Energy expenses x 10° 0.737 2.29
TAC x 10° 1.23 4.71
OKOHOMUS TIPH UCTIONB30BaHNN KOJIOHHBT VDC . .
Savings when using the VDC column 10.36% 1.01%
TTonoxxuTenbHbIi a3€0TPOIT;
Anieron—meranon [32] s DP — Bona DKOHOMYISI TIPH KICTIONB30BAaHHH KOTOHHBI VDC 4.18% 1.85%
Acetone—methanol [32] Positive azeotrope; Savings when using the VDC column ne o
for ED — water
Aneror—xinopodopm [32] OTpHULaTEeTbHBIA a3€0TPOI | DKOHOMHSI IPU MCTIONIB30BaHNH KoMIOHHBI VDC 5 579 1.07%
Acetone—chloroform [32] Negative azeotrope Savings when using the VDC column o o
benson—nukiorekcas [32] [TonoxurenbHbIN a3e0TPON | DKOHOMMSI IPU MCTIONB30BaHUH KOJIOHHBI VDC 0.57% 0.36%
Benzene—cyclohexane [32] Positive azeotrope Savings when using the VDC column o o
HN3zonponanon—
JIUM30TPOITHIIOBBIH 3¢up [32] [TonoxutenbHbIN a3e0Tpon | DKOHOMHUSI IIPU KCTIONB30BaHUH KOJIoHHBI VDC 7.96% 0.00%
Isopropanol—diisopropyl Positive azeotrope Savings when using the VDC column o R
ether [32]
Amnmapars! / Equipment 2C 2C
MeTaHOI—H30IICHTaH— TTonoKHUTENBHBIC a3€0TPOIIBI SN 20 44
H-TICHTaH— | -ICHTCH— B OMH. moacucTeMax; ) 46700.0 14730.0
2-nienreH [33] it OP — Boza . ) .
Methanol—-isopentane— Positive azeotropes in binary Kan. sarp. x 10°/ Capital expe;]ses 10 4.25 244
n-pentane—1-pentene— subsystems; Oneprosarparsi x 10 6.92 299
Energy expenses x 10° ) )
2-pentene [33] for ED — water gy €Xp
TAC x 10° 8.34 3.04
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Ta6auna 2. [Tponomxenue

Table 2. Continued

Cucrema Ocob6ennoctu TDKP* [Tokazatenu cpaBHEHUS PSD oP
System Specifics of VLE* Comparison indicators ED
Anmnapars! / Equipment 3C 2C
N 79 62
20 2733.3 1197.2
. Kan. 3arp. x 100/ Capital expenses x 10° 0.327 0.175
[TonoxxuTenpHbli a3€0TPOIT; 6/ 106 I 0776
AneToH—Meranon [34] st OP — Bona DOneprozarparsl X 10 Ener6gy expenses x 17 77
Acetone—methanol [34] Positive azeotrope; TAC x 10 —8.52% —9.34%
for ED — water ]
C yuerom YCTMII / Including PCHMF
Kar. 3atp. x 10°/ Capital expenses x 10° 0.327
Sueprozarpars x 10°/ Energy expenses x 10° 1.37 -
TAC x 10° —8.92%*
Ammaparst / Equipment 2C 2C
AN 114 83
20 23220.0 18510.0
. Kar. 3atp. x 109/ Capital expenses x 10° 3.51 3.03
TTonoKHUTENBHBIN a3€0TPOIT; 6 p
AneTos-meranon [35] st OP — Bona Dueprozarpars x 10 /EnerGgy expenses x 10 3.35 2.72
Acetone—methanol [35] Positive azeotrope; TAC x 10 4.52 3.75
for ED — water ]
C yuerom UCTMII / Including PCHMF
Kan. 3arp. x 100/ Capital expenses x 10° 2.65 3.00
Dueprozarpars x 10°/ Energy expenses x 10° 245 1.98
TAC x 10° 3.33 2.98
Anmapars! / Equipment 2C 2C
OTpHIaTenbHBIN a3e0TPOT; IN 78 34
Aneror—xinopodopm [36] s OP — IMCO 20 21508.0 2628.0
Acetone—chloroform [36] Positive azeotrope; Kan. 3arp. x 100/ Capital expenses x 10° 3.65 0.65
for ED — DMSO Dueprozarparsl x 10°/ Energy expenses x 10° 3.11 0.74
TAC x 10° 4.33 0.95
Anmnaparts! / Equipment 2C 2C
N 49 156
20 3350.0 9070.0
. Kan. 3arp. x 100/ Capital expenses x 10° 0.89 2.62
[lonoxkuTenpHbli a3€0TPOIT; 105/E 106 0.43 134
Meranosn—xmnopodopm [37] i OP — 1-nponanon JHEprosaTpaTh X ner6gy eXpenses x ) )
Methanol—chloroform [37] Positive azeotrope; TAC x 10 0.73 222
for ED — 1-propanol .
C yuerom UCTMII / Including PCHMF
Kar. 3arp. x 10°/ Capital expenses x 10° 0.76
Sueprosarpars x 10°/ Energy expenses x 10° 0.31 -
TAC x 10° 0.56
ITonoxkuTenpHbli a3€0TPOIL:
Merunanerar—MeTaHo— )
KCyCHasi KHCIIOTa—YKCYCHBIIT METIIANCTAT METAHOT,
Y i OP — 3TUIICHITINKOIb Amnmaparst / Equipment 4C 4C
anruapun [38] »
Methyl acetate—methanol—acetic Positive azeotrope: 20 67000.0 24500.0
acid-acetic anhydride [38] methylacetate—methanol
4 for ED — ethylene glycol
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Ta6auua 2. [Tponomxenue

Table 2. Continued

Cucrema Ocobernnoctn TDKP* [Toxa3aTenu cpaBHEHUS PSD OP
System Specifics of VLE* Comparison indicators ED
Anmnmaparsr / Equipment 2C 2C
N 75 75
. 20 7916.2 2097.5
E:;ggﬂfiz?;;?;;;g;sg;’ Kan. 3arp. x 100/ Capital expenses x 10° 1.94 0.78
Wzomnponarnon-soaa [39] s OP — JIMCO Dueprozarparsi x 10°/ Energy expenses x 10° 1.77 0.54
Isopropanol—water [39] Positive azeotrope; TAC x 10° 242 0.80
for Pfso?;)tef‘l‘;‘]\y/[ds“c’)fura“ C yuerom UCTMIT / Including PCHMF
Kan. 3arp. x 109/ Capital expenses x 10° 1.65
Breprozarpars x 10° / Energy expenses x 10° 1.10 N
TAC x 106 1.65

Ilpumeuanue: * ykazaH THI a3eoTpora; N — YHCIIO TEOPETUYSCKHX TapelioK, INT.; () — TeIUIOBbIe 3aTPaThl HA KUIIITHIGHHK KOJOH-
Hel, KBT; C — KkononHa, S — uakocTHo# cenaparop, DWC — kononna ¢ neperopoakoif, VDC — KkojoHHa NepeMeHHOro JuaMeTpa;
YITDCTMII — gacTnuHO (IOJHOCTBIO) CBSI3aHHBIC TEIUIOBBIE M MaTepHajbHbIE IIOTOKH; KallUTeIbHBIE 3aTpaThl, SHepro3arparsl 1 TAC
npuseneHs! B USD/rox; ** aBTopsl yKa3bIBalOT Ha MOTyYeHUE NPUOBLIN.

Note: * azeotrope type is indicated; N is a number of theoretical stages; Q is reboiler duty, kW; C — column, S — liquid separator, DWC is
a divided-wall column, VDC is a variable diameter column; P(F)CHMF are partially (fully) coupled heat and material flows; economic

indicators are presented in USD/year; ** authors indicate profit.

[MpakTiyecku s BceX cMecei Tadi. 2, pasnesicHue
KOTOpBIX Ipenmnonaraercs B komimekce OP wmu PSD,
MIPOBOIUTCS HKOHOMHYCCKHN aHAJIH3 C OIpEIelCHHU-
€M OOIIEroIoBBIX 3aTpar, Py ATOM HaOIIOIAeTCs IMOJI-
Hasi KOppEJALUs MEXIY COOTHOIICHWEM JHEpro3arpatr
Ha paz/eNieHue NaHHbIX mporeccoB u kputepueM TAC,
YTO BIIOJIHE ONpPaBAaHO, YUHUTHIBas TOT (HaKT, YTO IKC-
TUTyaTallMOHHBIC 3aTpaThl, KaK MPaBHUIO, BHOCAT OOJb-
U BKJIAg B o0Omeronosbie. VICKIIIOUEHHE COCTABIISAET
CMECh JAMIPONWIOBBIA 3pUp—H-npornanon [28], nus
KoTopod ansi mporecca DP HabmromgaroTcs MeHbIINE
SHEPro3aTparsl Ha KU TIIILHUKY KOJIOHH, HO O0Jiee BHI-
cokne TAC. Takas pa3Huua oOyciiOBJIeHa BKJIaJ0M Ka-
MUTAJIBHBIX 3aTpar B noka3areib TAC (Ui 10CTHKEHUS
TpeOyeMoro KauecTBa MpoayKTOB KomIuieke DP Tpedyer
Oosbliiee CyMMapHOE YUCIIO TEOPETHUECKHUX CTyNeHel
pazznenenus 67 npotus 24). ABTOpbI [28] 0TMEYalOT, YTO
pasHuIla B OOIIETO/I0BBIX 3aTparax OylIeT YMEHbBIIAThCS
IIpU yBEJIWYEHUH 00beMa IMPOM3BOJICTBA U3-3a yBEIHye-
HUS HATPY3KW Ha KUIATUIBHUKHA KOJIOHH.

CpaBHeHHe cxeM pasJielieHus (OCHOBaHHbBIX Ha DP nim
PSD) OwHapHBIX cMecell pa3HOH (PU3HUKO-XUMHUUECKON
MIPUPOIBI (C MOTIOKUTEIBHBIMHI WIIM OTPULIATEIbHBIMH OT-
KJIOHCHUSIMHU OT UJICAITHHOCTH ) (TA0I. 2), TOKa3aJIo MpaKTh-
YeCKH PaBHOMEPHOE pacIipelieNiCHIe MEKIy BapHaHTaAMH,
xorma Beiroguee PSD [29, 31, 32, 39] uiu OP [33-36, 38].
3aTpaThl CXeM pas3aeieHus CMEeCH TeTparuapodypaH—Boaa
(OP ¢ AMCO u PSD) oka3zanuck cornoctaBumsl [30].

CrnenyeT y4uTbIBaTh, YTO HE BCEIAa TaKOEe CpaB-
HEHUE KOppekTHO. Tak, Hampumep, NpU pas3ieIcHUH
CMECH METaHOI—XJOpodopM B KomIuiekce OP BEHI-
OpaH Maod(pPEKTHBHBIN (HH3KOCEICKTHBHBIH) DA —
n-iportanon [32, 37], 4To cka3zajloch Ha MOKa3aTelsx
mporecca M mapaMerpax paboTHl ammaparoB: cyMMap-
HOE YHCIIO TeOpeTHUecKux Tapenok (N) cxemsl P co-
craBuiio 156 Tapenok, (iaerMoBbie YMCIa B KOJOHHAX
7.64 u 7.9, pacxog DA 600 xmonb/g Ha 100 KMOIB/4
ucxoHoi cmecu. [IpoBeneHHbI COOCTBEHHBIH pacyeT
IDKP B npou3BOgHON TPEXKOMIIOHEHTHON CUCTEME Me-
TaHOJI—XJIOPO(POPM—H-TIPOTIAHOI TTOKA3AJ, YTO KOHIICH-
TPALMOHHBII cUMIUIEKC 0a30BOH OMHApPHON CHUCTEMBI
pa3buBaeTcst Ha 00IACTH COCTABOB, JUI KOTOPBIX OTHO-
CUTEJIbHAS JIETYYECTh KOMIIOHEHTOB CMECH 1P YBEJIU-
YEHUH pacxoaa DA MeHseTcs Mo-pa3HoMy (B AMANas3o-
He oT 0 10 0.5 MoJ1. goneii xmopodopma OTHOCUTETbHAS
JeTydecTh Maphl XJIOPO(POPM—METAHON YMEHBIIACTCS
C POCTOM KOHUEHTPALMK IPOIMAaHoJa, B JUANa3oHe
0.5-0.56 moun. nosell — IPOXOAUT Yepe3 DKCTPEMYM,
a B quanasone 0.56—0.66 mon. qosneii (a3€0TPOITHBIN CO-
ctaB) — pacrer) (puc. 4). 3aKOHOMEPHOCTU U3MEHEHHS
OTHOCHTENBHOI JIeTydecTH OMHApHBIX CMecel B Mpu-
cyrctBum DA mipuBeieHbI B padote [40]. ABropsl [32]
B KaU€CTBE MCXOJHOI0 pacCMaTPUBAIOT SKBUMOJISIPHBII
COCTaB, AJIsl KOTOPOTO M3MEHEHHE OTHOCHUTEILHOH Jie-
TY4eCTH HE3HAYUTEIBHO, YTO OOBSICHSET pPEe3ylbTar
pacuera npouecca DP.
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Puc. 4. Kpusas ¢a3oBoro paBHOBeCHs OUHApHON
U TICEBIIOOMHAPHOM CHCTEMBI XJI0pO(OPM—METAHOI IIPH PasHOM
KOJIMYECTBE H-TIporanoina, Mol %: (1) 0, (2) 30, (3) 80

Fig. 4. Phase equilibrium curve of binary and pseudo-binary
chloroform—methanol system at different amounts
of n-propanol, mol %: (1) 0, (2) 30, (3) 80

He uckioueHo, yto BEIOOp OoJiee CEIeKTUBHOTO pac-
TBOPUTEJISI MOKET U3MEHUTh KapTUHY COOTHOIIEHUS 3a-
Tpar paccMaTpPUBAEMBIX CXEM.

B nannoit pabote oOcyxmaercs 3()(EeKTHBHOCTD
MIPUMEHEHMsI KOJIOHH TepeMeHHOro jauametpa (varied-
diameter column, VDC), xorna BHYTpU KOJOHHBI IIOTOK
JKUJIKOCTH M Tapa B Pa3HBIX CEKIMSIX KOJOHHBI 3HAYH-
TelnbHO orTiMyaercs. IlocienHee MpOMIUIIOCTPUPOBAHO
Ha TOpuUMepe MATH OMHApHBIX CUCTEM (Y4YeT Pa3HOro
JluaMeTpa YKpEIUISIOUIe M HcuYeplbIBalolel CeKINU
B psJI€ CIIy4aeB [103BOJISIET CHU3UTD KallUTalbHbIE 3aTpa-
TBI M JOCTHYb OOILNEro 3KOHOMHYECKOro 3ddekra mpu
cpaBuenun TAC B amamnazone 0-10%). AHanoru4yHbIE
WCCIIeIOBaHMsI TPOBEICHKI B pabdote [37].

B pa6ore [36] cxema PSD pasnenenust cmecu are-
TOH—XJIOPO(OPM OKaszajach 3HAUUTEIBHO Oojee 3Hep-
TOEMKOMH, YTO OOYCITIOBICHO HE3HAYMTEIHHOW UYBCTBH-
TEJIBHOCTBIO COCTABa a3€0TPOIa K U3MEHEHHUIO JIaBICHUS
(nopsinka 0.02 Moz1. oel py pa3HUIlE TaBJICHUH B KO-
JIOHHAX CBBIIIE 9 aTtm).

IIpeoOpazoBanue cxem OP u PSD k crpykTypam
¢ UCTMII, xak npaBuiIo, I1O3BOJIAET CHU3UTH 3aTparbl
Ha pasJieIeHue, HO HE BIIMAET Ha COOTHOILEHHUE HKCILTya-
TAlMOHHBIX U OOIIETOIOBBIX 3aTPaT MEXKAY BapHaHTaMU
pasnenenus. Ecnu pasHuna B 3aTparax Ha pasjclicHHUe
B MCXOJHBIX CXE€Max BeJIMKa, TO INPHU HCIOJIb30BAHUU
YCTMII ona cokparaercsi, HOCKOIBKY 3(h(heKT oT Ta-
KOH CTPYKTypHOH ONTHMH3alUU Uil Oojee 3HEPro-
E€MKOM CXeMbl, Kak TpaBmio, omrytumee [35]. B pa-
6ore [30] wacTuuHOE CBSI3BIBAHHE MMOTOKOB JUIsI 00X

CXE€M TIO3BOJIMJIO CHU3UTh IKCIUTyaTallMOHHBIC (001Iero-
noBere) 3arpatsl Ha 4.8% (3.4%) u Ha 26% (20%) s
OP u PSD cootBercTBenHo. [lomHast TeruionHTErparus
JJIsI CXEMBI, OCHOBAaHHOM Ha BapbUpPOBaHUU JaBJICHUA,
MpuBeJia K CHW)KCHHUIO SKCIUIyaTallHOHHBIX (00mIero-
noBbix) 3arpar Ha 27% (18.7%). Menbpmmii 3¢ ekt
OT MOJHOW TEMJIOMHTErpauuu ajst cxemsl ¢ PSD cBsizan
C HEOOXOOMMOCTBIO HCITOIB30BAHMS JTOTIOJHUTEIEHOTO
000pyOBaHHA W TOBBILICHHEM KalMTaJbHBIX 3aTpaT
Ha 6.4% 1o CpaBHEHUIO C KJIACCUUYECKON CXEMOM.

B pabore [29] nmpoBeicHa CTPYKTYpHAsT ONTHMHU3AIIHS
CXeM 3a CUeT WCIIOJb30BAaHMS KOJOHHBI C BHYTpPEHHEH
neperoponkoit (DWC) mis cxembl OP cMecu aneTroHu-
TPUJI-H-TIPOTIAHOJI, ¥ YACTUYHOIO CBSA3BIBAHUS IIOTOKOB
Juist komruiekca PSD. TlpuMeHeHre CIoXHOU KOJIOHHBI
M0 CPAaBHEHUIO C KJacCHYEeCKUM KoMIuiekcoM DP mo3Bo-
mio can3uTh TAC Ha 7.94%, YCTMII mas cxem PSD —
Ha 12.8%. Ontumusanus CTpyKTYpbl CXeMbI He U3MEHUIIA
COOTHOIIICHUE 3aTpaT CXeM: MOCJEHUE BBIIIE IS MPO-
necca OP. JlmHamudeckoe MOJEIMPOBAHUE MPOIIECCOB
(B HECTaLIMOHAPHBIX M MEPEXOTHBIX PEKUMAX) TOKA3aJI0
OOJIBIIYIO YCTOWYMBOCTh K BO3MYIIAIOIINM BO3/ICHCTBH-
sM (M3MEHEHHIO Pacxo/ia M COCTaBa ChIphsi) cxeMbl PSD
¢ UCTMII o cpasuenuto ¢ OP (DWC).

[Ipy oumcTke MeTaHOJA OT KOMIIOHEHTOB (pak-
muu C5 (mpu MPOW3BONCTBE mpeni-aMIIIOBOT0O d(hupa)
anbTepHaTuBoil mpoueccy PSD BwicTymaer mporecc
IKCTPAKTUBHO-TETEPOA3COTPOITHON PEKTUPHUKAIINH C BO-
noit [33]. Bona sBrisieTcst He TOBKO SKCTPAKTUBHBIM Te-
TEP0a3eoTPONooOpa3yoIUM areHToM, MOHMUKAIOIUM
B IIEJIOM TeMIleparypy Ipolecca B KOJIOHHE 3a CyeT
00pa3zoBaHMsI a3e0TPONOB C MHHUMYMOM TEMIIEPATYPhI
KHIIEHUS, HO ¥ 00JIaZiaeT CBOMCTBaMU SKCTpareHTa (Ipu-
CYTCTBYIOT DIIEMEHTBI KCTPAKIIMH), YTO 00yCIaBINBAET
OOJIBIITYI0 SHEPTOAIPPEKTHBHOCTH TAHHOTO MPOoIecca.

dazoBast AuarpaMMa CMeCH MeTHJaleTaT—MeTaHO—
YKCYCHasi KUCJIOTa—yKCYCHBIA aHTHJPUJI XapaKTepU3yeTCsl
MIPOCTOM CTPYKTYPOH TMarpaMmbl pa30BOTO PaBHOBECHSI:
MIPUCYTCTBYET OAMH A3€0TPOIl ¢ MUHUMAJIbHOW TeMIiepa-
TYpOH KHIIEHHS, IPUYEM COCTaB IMOCIECTHETO MEHSETCS
TP BapbUPOBaHUM AaBieHus. ABTopsl [38], paccmarpu-
Basi JIBa OCHOBHBIX MeToza paszaeneHus: PSD u OP, cunTe-
3upoBaiu 12 cxem pasHoil crpyKTypsl. Ilocnennue otiu-
YaloTCcs Mcnonb3oBaHueM OP, BapbupoBaHUEM JaBIECHUS
Y KOJIOHHBI OOBIYHOM peKTH(OUKAIMK Ha Pa3HBIX JTarax
paznenenus. Takoe KOMIUIEKCHOE HCCIeIOBAaHHE MO3BO-
JIUJIO HE TOJbKO CPaBHUTH pa3Hble METOIbl pa3leseHHus,
HO U ompenenuTh 3PpHEKTUBHOCT UX NPUMEHEHHS MPU
pasleneHnd CMECH pa3HOW KOMIIOHEHTHOCTH: YeThIPeX-
KOMIIOHEHTHOHM, TpOWHOH, OWHapHOH. D(PQPEKTHBHOCTH
nocieJHel, Kak NpaBUIO, CHIXKAETCA NPU YBEJIHMYCHUU
yycia KOMIIOHEHTOB pas3fenseMoil cMecHu (CyMMapHas
Harpy3ka Ha KUIISITUIbHUKY KOJIOHH IIPU MCIIOJIb30BaHUU
OP (PSD) cocrapnsier i OuHapHOi cMecu 24.5 MBT

ToHkne xummyeckme TexHonorum = Fine Chemical Technologies. 2025;20(5):407-429 419



Comparative analysis of liquid mixture
separation flowsheets

Anastasiya V. Frolkova,
Albina N. Novruzova

(67.0 MBT), s tpoitnoit — 37.4 MBT (70.3 MBT), s
YeThIpexKoMIToHeHTHOI — 37.6 MBT (92.5 MBT) [38].
OtnenbHOE BHUMAHUE CIEAYET YACTIUTh pe3yjbraraM
aBTOpOB [39] 1Mo pazneneHuIo cMecH N30IPONAHOI—BO/A.
CocraB a3eoTpona MPaKTHYECKH HE 3aBUCHT OT JaBje-
HUS, W U1 Bcnonib3oBanus PSD aBTOpBI BBOAST B CH-
CTeMy HOBOE BELIECTBO (TeTparuapodypan), KOTOPHI
o0OpazyeT HOBBIE a3eoTporibl (TeTparuapodypaH—Bona
npu 0.1 u 0.6 MIla u TerparunpodypaH—H30MpONaHO
npu 0.6 MIla), cocTaB KOTOPBIX UyBCTBHUTEICH K M3Me-
HEHUIO BHEIIHUX YCIOBUH. B HCXOIHYIO cMech nopaercs
HE YHUCTBIN (up, a ero cMech ¢ BOJOK B cocTase, OJu3-
KOM K a3e0TponmHoMy. PazieneHue cmecH MpPOMCXOAUT
B IBYXKOJIOHHOM KoMIDIekce. CpaBHEHHE ¢ KJIACCHYECKOM
cxemoit OP ¢ JIMCO mnoxkazano Hea(h(HheKTUBHOCTh JaH-
HOTo METOAa JaXKE MPH YCJIOBUU YaCTUYHOI'O CBA3BIBAHUA
notokoB. KommaectBo DA B mporniecce PSD (95 kmonb/4a
Ha 100 KMOJIB/4 UCXOTHOM CMECH) B J[Ba pa3a MPEBHIIIACT
KOJIMYECTBO pacTBoputelis B mporecce OP (45 kmonb/4),
IpUYeM TEeTparuaApoQypaH BCETAa MPEICTaBlICH B IIHC-
THWIJISITOM [TOTOKE, YTO HEraTMBHO CKA3bIBAETCS HAa DHEP-
ro3arparax; KpoMe TOro, B COCTaBe PEIMKIOBOTO MOTOKa
(163 kMomB/4) JOIKHA TIPUCYTCTBOBATH TAKXKE BOJIA.

CpaBHeHue cxeM, OCHOBaHHbIX
Ha CoOYeTaHuM pa3JINYHbIX NPOLLEeCCOoB
1 MEeTOA 0B pasaesieHus

B crarpe [41] cpaBHHBarOTCS 1Ba BapHaHTa Pa3/IeICHUS
CMECH JMU3ONPONUIIOBBIA  3()UpP—H30IpONaHOI—BOA!
PSD u couetanue peKTU(UKAIMU U pacCiauBaHus, B TOM
YHUCJIE C HUCHOJIB30BAHUEM YAaCTUYHOIO CBA3BIBAHUS Te-
IUIOBBIX U MaTepUalibHbIX MOTOKOB. CpaBHEHHE KJIACCHU-
YeCcKHX cxeM, 0e3 TeIIOWHTErpaluy, MoKazaio Mpeumy-
LIECTBO CXEMbl, OCHOBAaHHOM Ha BapbUPOBAHUU JABJIECHUS
10 CPABHEHHIO CO BTOPHIM BAPHAHTOM (SHEPreTH4ecKue,
KanuTalbHbIe U OOIIETONOBBIe 3aTparhl HKe Ha 5.3%,
6.3% u 5.5% COOTBETCTBEHHO): MCHBIIIC BETNINHA PEIIU-
KJIOBOTO ITOTOKA, HHXKE (DIIErMOBBIE YHCIIA U CYMMapHOE
YHUCIIO TEOPETUUECKUX TapenokK. [Ipumenenne yacTuaHon
TEIUIOUHTErpaluu i cxeMmbl PSD 1mo3Boiauiao CHU3UTH
sHepronorpednenue emnte Ha 15% u TAC — na 11%.

Jns pazngeneHust TpoWHON cMecH Bojga—O€H305—
M30IPOIIaHOJI PACCMOTPEHBI JBE CXEMbI: IepBasi OCHO-
BaHa Ha BapbUPOBAHUU JaBleHUs B KonoHHax (PSD),
BTOpas — Ha COYETAaHWU MPEABAPUTEIBHOTO pacciau-
BaHUsI, OOBIYHOM pEKTUPHUKAIMKU W BapbUPOBAHUS
nasnenus [42]. Ins obeux cxem paccMaTpuBaeTcsl BO3-
MOXHOCTh U 3()P(HEKTUBHOCTh MCIOIB30BAHHUS YaCTHY-
HOM TeruIoMHTerpanuy. BeananHa pernukioBoro moToka,
(bOpMHUPYEMOTO U3 MOTOKOB AUCTUIDIATOB PEKTH()UKALIU-
OHHBIX KOJIOHH, JIJIsl CXeMBI C paccianBaHUEM 3HAYUTEIb-
Ho BbImIe (179.42 npotus 95.45 kmosb/4 Ha 100 KMOJIB/9
HCXOIHOW CMECH), YTO B KOHEYHOM HTOI€ HEraTUBHBIM

00pa3oM CKa3bIBAETCS Ha JHEProsarparax CXeMsl (IO-
crenaue Ha 20% BBIIIE IPU CPABHEHNUH CXeM 0e3 TerIo-
UHTETPaIK). AHAIH3 CTPYKTYPhI THarpaMMBbl (ha30BOTO
PaBHOBECHSI U TIOJIOKEHHE OATAHCOBBIX JIMHUHN IMOKa3bI-
BaeT HeA((EKTUBHOCTh IPUMEHEHUS MTpUeMa, OCHOBaH-
HOTO Ha MpPENBAPUTEIHFHOM pacCIauBaHUM. bojblime
COOTHOIIICHHUS ITOTOKOB JUCTHIUIATA M Ky0a KOJIOHH,
HEOOXOMMOCTh BBIXOJIa Ha TpaHMIBI oOnacTei pasje-
JIeHus JUIs oOecriedeHus] BO3SMOXKHOCTH TIEpexoia B Tpe-
OyemyIo 0051acTh AUCTUIUISIIAY IPUBOIAT K YBETUICHHUIO
3HAUCHUH (DJICTMOBBIX YHCET M YHCIA TEOPETUUCCKUX
Tapeliok B peKTH(UKannOoHHbIX KoioHHAX: 101 mpotus
74 teopernueckux tapenok B cxeme ¢ PSD. Ilpu stom
KanWuTaIbHBIC 3aTpaThl BeIme Oomee, yeM Ha 40%. Yke
Ha JTame HUcciaeAoBaHus (a30BOW TUarpaMMbl MOKHO
OBLITO OTKA3aThCs OT METOJIa, OCHOBAHHOTO HA COYCTAHUH
Ppa3HBIX mporeccoB. VMcmonp30Banue MpeaIBapuTEIEHOTO
pacclianBaHus, KaK [IPaBUIIO, HE SBISETCS d3(P(PEKTHBHBIM
MIPUEMOM pa3JIelieHHs], €CJIM B COCTaBe PAaBHOBECHBIX
JKUJKUX CIIOEB B CelapaTrope MPHUCYTCTBYIOT BCE KOM-
moHeHTsI [9]. JlaHHBIH MpuUMep TakkKe MOKa3bIBaCT, Y4TO
HE BO BCEX CIIydYasiX MCIOJIb30BAaHUE YaCTHYHOW TEIlIo-
HMHTETPAIlUK JTaeT OIIyTHMBIA 3dekT: s cxem PSD
OH cocTaBisieT nopsiaka 2.8%; it CXeMbl, OCHOBAaHHOH
Ha [IpeBapUTEIbHOM pacciauBaHUU — OKOJIO 6%.

B pabore [43] mpuBOANTCS CpaBHEHHE JIByX METOIOB
00e3BOKMBAHMSL AIICTOHUTPHIIA, MOTYYaeMOro B IIPO-
1ecce aMMOKCHIIUPOBAHMS JTaHOJA: BapbUPOBAHHUS
JIABJICHUSI B PEKTU(UKAIIMOHHBIX KoJoHHaX (1-7 Oap
u 1-10 Oap) u coueraHus SKCTPAKUUU (C TUXIOpMETa-
HOM) U pekTudukanuu. Kak mokasanu pe3ysibTarhl pac-
9eTa, TIPH COMOCTaBUMBIX IKCIUTYaTallHOHHBIX 3aTpaTax
HAMMCHBIIE KalUTAJIbHbBIC 3aTPaThl HAOIFOTAIOTCS IS
cxembl PSD (1-10 6ap), MakcUManbHbIe — JAJIST CXEMBI
C AKCTPaKIUE, IPU 3TOM B THOpHIHON cXeme Tpelye-
MoO€e KayecTBO aueroHuTpuia (99.99 mac. %) He nocru-
raerca. Crefyer OTMETUTh, YTO SKCTPAreHT UCIOJb3Y-
eTCcs HE B YUCTOM BHZE, & C HEKOTOPHIM KOJIMYECTBOM
AI[CTOHUTPHUIIA BBHUIy €r0 HEBBICOKOW CEJICKTHBHOCTH,
4YTO CHMXKACT 3(P(PEKTUBHOCTH MpoLEcca HKCTPAKIUU
U YBEJIMYHMBACT PEIMKIIOBHIA MOTOK. DKCTPAreHT B CO-
CTaBe TPOWHOW CMECH BBIICISICTCS B KyOe peKTH(HKa-
LIMOHHON KOJIOHHBI.

PazHbIe CTPYKTYpPHI CXEM pa3/iesieHusI CMECH TOTyOJ—
METaHOJI—BO/Ia, OCHOBAaHHBIC HAa HCIOIB30BAHUH OTHOTO
MeTona pazaeneHus — OP, CBA3aHbI ¢ pa3TUYHBIM BIH-
SIHUEM TTOJJOOPAHHBIX PACTBOPUTEICH Ha OTHOCHUTENb-
HYIO JICTy4eCTh KOMIIOHEHTOB: B IPUCYTCTBUU N-METHII-
2-MAPPONUIOHA TIOBBIIAETCS JIETy4eCTh METaHoJIa
[0 OTHOIICHUIO K JPYTHM KOMIIOHEHTaM, B IIPHCYT-
CTBUM 3TUJICHIVIMKOISA — Tojyoda [44]. B pesynbrare ot-
JICTICHNS] METAHOJIa TT0CJIE KOJIOHHBI PETCHEPALINH areHTa
3a CYeT HU3KOH pacTBOPHUMOCTH JPYT B APYTE MIPOHCXO-
IUT pa3lelicHHe CMECH TONYOJI-BOIA B YKHUIKOCTHOM
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cenaparope (CXema CONCPKUT JBE KOJIOHHBI U cemnapa-
Top). Ecniit B qECTHILIIATE KOMOHHBI BBIACIACTCS TOIY-
OJ, TO JUIsl TIOCIENYIOIIEro pa3/ieieHus CMECH BOAa—
METaHOJI MOTpedyeTcs emie oaHa pPeKTU(UKAIMOHHAS
KOJIOHHA, YTO HETAaTHBHO CKaKETCSI Ha dHEpPro3arparax
CXEMBbl 1 CYMMapHOM YHCIIE TEOPETUUECKUX Tapesrok N
(cxema CONEPKUT TPHU KOJOHHBI PEKTHU(PHUKAINHU), YTO
MOATBEPKIACTCS  BBEIYUCIHUTENBEHBIM  AKCIIEPUMEHTOM
B pabore: orHomeHne XN/ZQ coctaBwio 91/4.15 n
137/4.47 nus cxem ¢ N-MII U 3TWIEHINIMKOJIEM COOT-
BeTcTBeHHO. CymMMapHbie o01eronoseie 3arparsl (TAC)
TaK)Ke OKa3aJIHCh BBIIIE JIJIs1 CXEMBI C ATUJICHITIMKOJIEM.

[Tpobnema OYUCTKM KOMIIOHEHTOB, COJEPMKAIIUXCS
B NIPUMECHOM KOJMUYECTBE, OCOOCHHO, €CIIH Peub HICT
0 MHOTOKOMIIOHEHTHOH CMeCH, MOXKET PEeIIaThCs 3a CUeT
ucnonb3oBanus nporeccoB DP unu POP. B pabote [45]
JUTSL pa3feeHus IIECTUKOMITOHEHTHOW CMECH BOIA—TH-
JIPOKCHUALIETOH—M30MPONUIOEH30I—ab(ha-MeTUICTHU-
pon—heHon—2-mMeTuioeH30ypaH  MPEeNoKEeHbl  JIBE
CXEMBI pa3/ieieHusl, OCHOBaHHbIE Ha codeTanun POP
U OIHOKPATHOM 3KCTpakuuu. CTPYKTYphl CXeM IpPaKTH-
YeCKH WACHTUYHBI 33 HCKIIOUEHHEM crocola Mmogadyu
areHTa B IMEPBYIO KOIOHHY (IMITHICHIIMKONH KakK Ts-
JKEJTOKUTISIIMI WK alleTOH KaK JIETKOKUITSIIUI pacTBO-
PHUTENB) U €T0 pereHepaluy (IU3TIICHIIINKOIb B KyOe,
alleTOH — B AUCTHIUIATE KOJOHHBI). CXeMa ¢ alleTOHOM
B 3HAYUTEJIbHOW CTENEHW HPOUTPHIBAET CXEeMe C -
STUIICHTJIMKOJIEM, €€ YHepro3arparbl B JiBa pasa BbIIIE,
OITHAKO aBTOPHI CUUTAIOT, YTO KOHKYPEHTOCIOCOOHOCTh
CXeMbl MOXET ObITh 00YCJIOBJIEHA TIOBTOPHBIM HCIIOJb-
30BaHUEM B TEXHOJOTMYECKOM LOECIIOYKE I/I36])ITKa aleTo-
Ha, oOpa3yromierocs Ha CTaJuu MPOU3BOACTBA (peHoma
KYMOJIbHBIM METOJ/IOM.

B poccuiickoil 1 MUpPOBOI JUTEpaType IPUBOLUT-
cs1 OOJBIIIOE KOMUIECTBO IKCIIEPUMEHTANBHBIX TaHHBIX
0 PaBHOBECHUH JKUAKOCTb—KHUIKOCTb B TPOMHBIX U YEThI-
PEXKOMIIOHEHTHBIX CHCTEMaX (Kak MpaBUIIo, pacCMaTpH-
BaeTcs 0a30Bast OMHAPHASI CMECh B MPUCYTCTBHU OJJHOTO
WIN JIByX MOTEHUHAJIbHBIX SKCTPAareHTOB JJIS Mpouecca
9KCTPAKIMK). BBIBOIBI 0 11€1€C000pa3HOCTH UCTIOIB30-
BaHMS TOTO WJIM HHOTO PAaCTBOPHUTEI, a CIEA0BATEIHHO,
U peanu3aluy Npolecca dKCTPAKIMUA CTPOSTCS TOJIBKO
Ha OCHOBE H3BECTHBIX KpPUTEpPHUEB pazleneHusi (Kodd-
(UIMEHTOB pacTpeneNeHus U pa3aeneHns). B craTpax
HE MPOBOJUTCS OLEHKA MEPCIEKTUBHOCTH pean3alui
TaKoOro BapHaHTa pa3/eieHUs C y4eToM OJIoKa pereHe-
panmy dKCTpareHTa. YUHUTHIBAs TOT (aKT, 4TO Ui pe-
TCHEpAIH PACTBOPHUTEIS, KaK IPABHIIO, HCIIOIb3YETCs
SHEProeMKUH Mpolecc peKTU(DUKAIMS, MOCIESTHSST MO-
JKET B 3HAYUTENFHOHN CTETICHH CHU3UTH 3()(HEKTHBHOCTH
COYETAHMs JAHHBIX IBYX MPOIECCOB W3-3a HAIUYUS
TCPMOAUHAMHNYICCKUX OFpaHI/I‘ICHI/Iﬁ paBHOBECHUA KU~
KOCTb—TIap (SKUJKOCTh—KHUJIKOCTb—TIap) CMECH, Ipe-
CTaBIISIONIEH COOOM IKCTPAKT.

Pa3sneneHne cMecH alleTOHUTPHI-BOZA B CXEMe, 0C-
HOBaHHOH Ha COYETAaHUH DKCTPAKIUH (XIOPOPOpM B Ka-
YEeCTBE DKCTPAreHTa) U PEKTU(PHUKAIIUH, OKa3aJI0Ch JHEP-
TETUYCCKU MEHEC BBII'OJHBIM IPOLCCCOM 10 CPABHCHHUIO
co cxemoit OP ¢ IMCO (6onee, uem Ha 30%) u comocra-
BUMO co cxemoi PSD (paszuuma B 1.7%) [46]. Bonbiue
9HEPro3arparbl 00YCIIOBICHBI HEOOXOAMMOCTHIO BBIZC-
NeHus (ucnapeHusi) Xaopohopma B TUCTHIUIATE KOJIOHHE
pereHepaIuy YKCTPareHTa.

Eme oaun BapuaHT paszeneHus n1aHHOU cMmecu [47]
MIpeAyCMaTPUBACT KOJIOHHY MPEABAPUTEIHFHOTO KOHIICH-
TPUPOBAHUS CMECH (JACTUYHOE OTICIICHUE BOMIBI) U I10-
CJIEJTYIOIIETo ee pas/ieeHus B koMmriekce DP ¢ aTuieH-
DIMKoIeM (CymMMapHas Harpy3ka Ha KHISTHIBHUKA
KOJIOHH cocTaBmia 4556 kBt, TAC — 1.56 - 10° USD/rox).
3a cyeT pPeCTPYKTypH3alUd MAaTePHATbHBIX IOTOKOB
cxema Obuta NpeoOpa3oBaHa K JBYXKOJOHHOMY KOM-
IUIEKCY IyTeM OObEAWHECHUS KOJOHHBI KOHIICHTPUPOBA-
HUSl U KOJIOHHBI pereHepanuu DA, 4To IO3BOJIMIIO CO-
KpaTUTh TemIoByto Harpy3ky Ha 16% u TAC — na 13%
[0 CPaBHEHHIO C MEPBOHAYAIBHBIM BapuanTtoM. Cxema
IKCTPAKIIMU TAHHOW CMECH C H-ITPOMMIIXJIOPUIOM (C He-
KOTOPBIM KOJIMYECTBOM aAIlETOHUTPHIIA) CONEPKUT 4 arr-
mapara: dKCTPaKTOp, KHIKOCTHOM Cermaparop, ABE PeK-
TU(UKAIMOHHBIC KOJIOHHBI. PereHeparusi dKCTparcHra
OCYIIECTBISIETCS] COYCTAaHHEM peKTH(UKAIMA H pac-
cnauBanus. [laHHas cxeMa okaszaiach 0ojiee BBITOJHOM
KakK ¢ TOYKHM 3peHHs dHeprozatpat (2972 kBT), Tak u 1o
obmeromoBsM 3arparam (1.02 - 10° USD/ron).

CpaBHuBas pe3ynbTarsl padot [46, 47] MOXHO npen-
IMOJIOKUTDH, YTO OTKa3 OT KOJIOHHBI KOHHECHTPUPOBAHUS
CMecCH W BhIOOp 0oJiee CEeNeKTHMBHOTO areHTa JJIs Mpo-
necca DP MoXeT U3MEHUTHh COOTHOILICHUE MEXIy pac-
CMAaTpUBACMbIMU BapHAHTAMU Pa3/ICIICHHSL.

Asroper [11] mpm wuccrnenoBannM BO3MOXKHOCTEH
poIiecca SKCTPAKIIMU CMECEH 3TaHOJIA C YIIIEBOAOPOIa-
MU (T€KCAaHOM M TeNTAaHOM) HOHHBIMH YKHJKOCTSIMH yKa-
3BIBAIOT Ha IOJIOKUTEIBHBIA SKOHOMHYECKUH (et
[IPYU OPraHU3aAIMU COYCTAHHS IKCTPAKIUH U PEKTHU(H-
KaIl[M{ [0 CPAaBHEHHUIO C KIIACCHYCCKMMHU METOIaMH pas-
nenenusi: OP wim AP (6onee nmoxpoOHast mHGOpMAaIus
B CTaThe OTCYTCTBYET).

Ente onuH mpuMep UCTIONb30BaHMs THOPUIHBIX TEX-
HOJIOTHI — coYeTaHne PeKTH()HUKAINN U MEMOPaHHOTO
pasmeneHus (B YAaCTHOCTH, mepBaropanuu). [IpuHImm
MEeMOPaHHOTO Pa3/IeNIeHNs OTIINYASTCs OT paHee PacCMO-
TPEHHBIX (a30BBIX MPOIIECCOB, OH OCHOBAaH Ha CEJCK-
TUBHOM H3BJICUCHUHU BEIICCTB IPU MPOXOKICHUU depe3
memOpany. [Iporiecchl MPOTEKAIOT B pa3HBIX armmaparax
MPY MX TIOCIIENOBATEIIBHOM PACTIONIOKEHUH (B JTFOOOM
MOPSIIKE ), WK, HAIIpUMEp, IIPH HCIIOIb30BAHUU BBIHOC-
HOTO TiepBanopanroHHoro onoka [48]. ABrops! [48] 00-
cyxnaroT 3pGeKTHBHOCTh THOPHIN3AIUN CXEM 3a CUeT
COYCTAHUS WU COBMEIICHHS MIPOIIECCOB MEMOPaHHOTO
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U peKTU(DUKAIIMOHHOTO pa3AeleHHs, YTO MOXKET JaBaTh
OIIyTUMBIA TIOJOKUTEIBHBIA SKOHOMUYECKHH AP PeKT
[0 CPaBHEHHUIO C paHee PAacCCMOTPEHHBIMH METOHAMHU.
JlaHHBIE BBIBOJIBI TAK)KE TOATBEPKIAFOTCA PE3ylbTa-
TaMu pabotr [49-58] Ha mpuMepe CHCTEM: METaHOJ—
mpem-MeTua0yTUIoBbIN 3¢up [49], uzonponanoia—Boaa
u nporwieH—tiponad [50], uzonponaHon—Bona (3KOHO-
Must 24% 1O CpaBHEHHIO C a3€OTPOIHON peKTH(HKa-
uueil) [52], aranon—Boxa [53], aTaHOoI-BONA (DKOHOMUS
66% 10 CpaBHEHHUIO C TETEPOA3COTPONHON peKTH(dUKa-
nueit) [54], aumermwidopmamun—Bona [55], uzolyra-
HOJ—BoJa [56] u MeTunaneTar—mMeranon (3xkoHomus 24%
1o cpasHeHuto ¢ OP u PSD, 31.7% no cpaBuenuto ¢ PSD
¢ UCTMII) [57].

MHuoroo6pa3ue  (a30BOro TOBEACHUS  JKHUJKHX
cmeceit [1-3, 9, 14, 59], B ToM uuncne B MPUCYTCTBUU
CTHECIHANBFHO MOJOOPAHHBIX BEIIECTB, ONpENENsIeT MO-
JUBapUAHTHOCTH BBIOOPA MPOLIECCOB U METONIOB, CTPYK-
Typ TEXHOJIOIMYECKUX CXEM pa3lesieHus. AKTyalbHOU
3amadedl ocraeTcsl pa3pabOTKa Ka4eCTBCHHBIX W KOJH-
YECTBEHHBIX KPUTEPUEB TUCKPUMHUHAIMHM TPOLECCOB,
METO/IOB, CXEM Ha Pa3lUYHBIX 3Tarax CTPYKTYPHOH
U TIapaMeTPUIECKOH ONTHMHU3AINN: aHATIN3 (PH3HKO-XH-
MHUYeCcKOM HH(pOpMALMU O CBOHCTBaX KOMIIOHEHTOB
CMeCH, CTPYKTYpbI (a30BOH auarpamMMsl (B TOM 4YHCIIE
Ha OCHOBE TIOCTPOCHHUS M aHann3a OaJaHCOBOH CETH),
OILIEHKA CEJIEKTUBHOCTHU U 11e7IeCO00pa3HOCTH BBEIEHUS
DA, BBIOOp TIPOIIECCOB U METOJIOB pa3AeieHHs, Ompeie-
JICHNE BEJMYMH MaTepUAIbHBIX MMOTOKOB IPH PEIICHUN
OalaHCOBOH 3a1a4u (KOppEKTHOE 3aJaHue CBOOOIHBIX
MEPEMEHHBIX), CHHTE3 CXEM pa3JIelIeHusi, OCHOBAaHHBIX
Ha KOHKPETHOM IIpoIiecce, WM IPUMEHEHHE THOPUIHBIX
TEXHOJIOTUH, aHalu3 MapaMeTpoB paboOThl armnapaToB
(OTBEUAIOIIUX KOHKPETHBIM KPUTEPHUSAM: DHEpreTHYe-
CKUM, SKOHOMHYECKHIM, YKOJIOTHICCKIM) H PE3YIBTaTOB
pasneneHus, oleHKa YPPEKTUBHOCTH YIPABICHUS TPO-
LIECCOM WJIU CXEMOI.

Jns MUHMMH3alie TIOTeph TeIla W CHIDKCHUS
9HEpro3arpar MHOTME YCWJIMS HamlpaBieHbl Ha pas-
JYHBIC BUJBI MHTETPAIMU TEIUIA, TaKHMe KaK YacTH4-
Has [21, 30, 35, 37, 3942, 60—63] wim nonHas [30, 64],
BHYTPCHHSI [65] mwim BHemHsIs [66, 67]. DddekTHBHBIM
MIPUEMOM DSHEProcOepeKeHHsl SBISETCS HCIOIb30BaHHE
CIIO)KHBIX KOJIOHH (¢ OOKOBBIMH OTOOpaMH, BHYTPEHHIMHI
neperopoakamn) [18, 29, 63] u TernoBeIx HacocoB [68, 69].
PectpykTypusaiusi OTOKOB CXEMbI WIIM HCIIOIb30BaHUE
CIIO)KHBIX KOJIOHH HE BIHSET Ha COOTHOIIECHWE 3aTpar
(9KCIUTyaTalMOHHBIX M OOIIETOAOBBIX) MEXKIY BapHaHTa-
MH pa3/eieHuns, IpUIeM, €CIIM Pa3HHIIA B 3aTparax Ha pas-
JIeTICHHNE B MCXOMHBIX CXeMax BENIHKa, TO 3a CYeT OIHOTO
W3 BapUaHTOB CTPYKTYPHOM ONTHMH3ALUKM OHA COKpaIlla-
ercsa (uem Oojiee onmTHMallbHa CTPYKTYpa U YCJIOBUS pa-
0OTBI UCXOJIHOM CXEMBI, TeM MeHee 3 (EeKTHBHBI TIPHEMBI,
CBSI3aHHBIE CO CTPYKTYPHOU MIEPECTPOUKON ).

OTnenbHO CIEAyeT BBIICIUTh HCCICAOBAaHUE JIH-
HAMHUYCCKUX PEKUMOB (KOHTPOJS M YCTOWYMBOCTH
K BO3MYIIAIOIIUM BO3ACUCTBUSIM) Pa3IHYHbBIX TPOIEC-
coB [28, 70-75], koTopble TakX e BIMUSIOT Ha OKOHYA-
TEJBHBIN BBIOOP TEXHOJOTHH pa3ieiicHHS KOHKPETHOW
CMECH.

SAKJTIOYEHUE

AHanu3 Hay4YHOU JINTEpaTyphl IOKA3bIBAET, UTO IIPU pa3-
paboTke cxeM pasnesieHus KOHKPETHBIX CMeCcei aBTOPEI,
KaK IPaBIJIO, OTAAIOT MPEANOYTEHHE KOHKPETHOMY Me-
TOAY, IpUYEM Hale paccmarpuBaercs OP, kak Hanbonee
YVHUBEPCAIBHBIA 1 dHepro3hdekTuBHbIA crmocob pase-
nenust. Yucio padort, B KOTOPBIX CPABHUBAIOTCS AlIbTEP-
HaTUBHBIC METOAbI, BHAYUTCIIbHO MCHbBIIIEC, TPUYEM HalllC
9TO TIPHEMBI, OCHOBaHHBIE Ha KOHKPETHOM IIpoIiecce
(o6bryHO pexTuduranum). Kpaiine penko paccMarpuba-
FOTCSI CXEMbI, OCHOBAaHHbBIC Ha PA3JIMYHBIX MaCCOOOMEH-
HBIX TIporieccax (THOpuHbIe TexHoMoruH). Kpureprem
CPaBHCHHUSI AJIBTCPHATUBHBIX BAPHAHTOB pa3ICICHUS
ABJIAIOTCA CYMMApPHBIC TEIJIOBBIE HArpy3Ku Ha KHIIA-
THJIFHUKH KOJIOHH, 00IIeroqoBele 3arparsl. Kak mpasu-
710, HAOJIOAETCs TIOJTHASI KOPPEIISALUS MKy TaHHBIMU
KputepusMu. B penxux ciydasx BKJaJ KaUTaJIbHBIX
3arpar B OOIIETOIOBBIE MOXET OBITh ONPEACIISIOININM,
YTO MPHUBOJHUT K Pa3HBIM COOTHOIICHHSM DHEPro3arpar
u TAC. Takas cutyanus HaOIIOMACTCS, €CIH CXEMBI
CHJIBHO OTIMYAIOTCS IT0 CYMMapHOMY YHCITY TapesoK.

He Bcerma cpaBHEHHE cXeM SIBISETCS OOBEKTHB-
HBIM, MTOCKOJIBKY OJIMH W3 TPOIIECCOB (CXeMa) MOCTaB-
JICH B aNpUOPH HEBBITOTHOE IIOJIOXKCHUE (BBIOpaHBI
MAaJIOCEJICKTUBHBIC arcHThI, TECOMETPHs dJICMEHTOB (ha-
30BOM JTMarpamMMbl He OJIarONpPHUSATCTBYET HCIOJIB30Ba-
HUIO BBIOPAHHOTO METOa, HE3HAYUTEILHOE CMEIICHHE
a3e0TpoIIa MPH BapbUPOBAHHUH JABICHUS U T.J.). Takue
BapUAHThl MOKHO HCKJIIOYATh W3 PACCMOTPCHUS CIIe
Ha JTare WCCIeNOBAaHMS CTPYKTYpPHI TUarpaMMEI (a3o-
BOTO PaBHOBECHsI, CHHTE3a CXEM Pa3JeICHUS U pacuera
MaTepHalbHOTro OanaHca (70 CTaauu mapaMeTpUuIecKoi
ONTHMH3AINN ).

B psine cirygaeB aBTOpBI MOTYT OTJaBaTh 000CHOBAH-
HOE MPEAMOYTCHUE CXeMaM, XapaKTePU3yIOIIMCs O0JIb-
el HEPrOEMKOCTBI0, YTO MOXET OBITh 00YCIIOBJICHO
(hU3UKO-XMMUYECKAMH CBOWCTBAMHU KOMITIOHEHTOB 0a30-
BOM CM€eCH WJIM J00aBIsIEMBIX HOBBIX BEIIECTB, 0COOECH-
HOCTBIO peaTi3aliy TEXHOIOTHH Pa3IeIICHHS.

CpaBHenue HS(Q(EKTHBHBIX HPUEMOB Pa3ICICHHUS
(cmyvau, Korna BeIOpaHbl MaJIOCEIEKTHBHBIC areHThI HITH
CTPYKTYpa (a30BOM JHarpaMMbl HEOIArOTPUSITHA IS pe-
QN3N BEIOPAHHOTO METOJIA, UCKITFOYAIOTCsI) ITOKA3bI-
Baet, 4yTo JP, Kak 1 0)KHUIaN0Ch, OCTaeTCs Haubomee SHep-
ro3(pGeKTUBHBIM METOIIOM pa3ZIClCHHUs, OJHAKO B psiie
CITy4aeB €ro KOHKYPEHTOCIIOCOOHOCTh CHIIBHO CHIYKACTCS
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CpaBHUTENbHBIN aHANIM3 CXEM Pa3AENEeHNS XUAKUX CMECEN,
OCHOBA@HHBIX Ha Pa3/INYHbIX NMPOLLECCaX U METOAAX

A.B. ®ponkosa,
A.H. Hoepy3oBa

I10 CPAaBHCHUIO C AJIBTCPHATUBHBIMU METOJaMH, B YaCTHO-
ctu ¢ I'AP. [locrenneit cnemyer oTaBarh MpeArnoYTeHNE
U Pa3ieNieHUu CMeCcei, cofepKaIuX TSHKETOKUIIAIINE
KoMIIoHeHThl. Ha cooTHomenue sueprozarpar cxem AP
1 OP B 3HaUMTENBHOI CTENEHU Oy/IeT BIUATH COCTAB HC-
XOJHOM CMecCH, OT KOTOPOIo HAMPSMYI0 3aBUCUT PacXojl
pactBoputelsi, ocodenHo B mporecce [AP (DA mpu-
CYTCTBYET B COCTaBE a3€0TPOIHOI cMECH B JUCTUILIATE
kosioHHbI). ITocnenHsss okaxxercs: 6onee BHINOAHBIM IPO-
I[ecCOM B TOM Clly4ae, €ClM COACPX aHHE KOMIIOHCHTA
B HCXOIHOW CMECH, C KOTOPBIM PacTBOPHTEIH 00Opasy-
eT TeTepoa3eoTpor, OyAeT MpeBbIATh KOHIEHTPALUIO
BTOPOI0 KOMIIOHEHTAa. BeposiTHO, KOHLEHTPALMOHHBIHI
CUMITJICKC OWHAPHON CHCTEMBI MOXKHO YCJIIOBHO pa30WTh
Ha 00JaCTH COCTaBOB, AJIsI KOTOPBIX COOTHOIIEHUE 3aTpaT
nporieccoB AP u OP (c o/HUMM U TeMU K€ areHTaMH)
Oynet pazabiM. Opranmzaiust OP u AP B «aBro» pexu-
M€ U el B OoblIel CTENEHU UX COYETaHUE, I03BOIISIET
B 3HAYUTEIBHON CTEMEHH COKpaIlaTh SHEPromnorpedie-
HHE CXCM, YTO CBS3aHO C OTCYTCTBHEM HEOOXOIMMOCTH
UCIIOb30BaHUs JAOTOIHUTENBHOM KOMOHHBI Ul PereHe-
paIiy areHra, a TaKKe MOHKCHNEM TeMIIepaTyphbl Mpo-
Iiecca pasIeNeHrs BHYTPH KOJIOHHEI 32 CYeT 00pa30BaHMUs
HOJIOKUTETbHBIX a3€0TPOIIOB.

Eme omanMm 3¢ (eKTHBHBIM HpHEMOM pa3aeieHus
SBISICTCSl COUCTAaHWE PEKTU(PUKAINH U pacCIanBaHUAL
Ha BO3MOXKHOCTB U 1I€7€C000pPa3HOCTh peanu3aliy AaH-
HOTO METOJa B 3HAYUTENBHOM CTETICHU BIMSET OCOOCH-
HOCTb B3aMMHOIO PACHOJIOKEHHs a3€0TpPOIOB, cerapa-
TPUUECKUX MHOr000pasuil U CUMILIEKCOB pacCIauBaHUs.
HeOnaronpustHoe pacnoloXeHUE MOCIEHUX MPU peliie-
HUHW 0ATaHCOBOH 3314 IPUBOINT K 3aBBIIICHHBIM 3HAYe-
HUSIM JJUCTUUIATHBIX OTOOPOB KOJIOHH, TPYAHOCTH JIOCTH-
JKEHMS OTIPEJICTICHHBIX COCTABOB (HAIIPUMED, TP KACAHHUN
cenaparpuc). Ecnyi naHHbINA TIpreM peann3yeM CaMoCTO-
ATenbHO (0e3 MPHBIIEYEHHUS APYTHX CIEIHAIBHBIX METO-
JIOB) U BIsCTCS 3(P(EKTUBHBIM, TO, KaK IPABUIIO, CpPaBHE-
HHE C IpyrUMH METOJIaMH He TipoBoauTCs. JIro0oii npyroit
METO]I, CKOpee BCEero, OKaKeTCs MeHee S ()EKTHBHBIM.

Vcnonp3oBaHNe KHUIKOCTHOTO cemaparopa (pac-
CIIaMBAaHUS) B CIOKHBIX CXEMaX, COUYETAIOIINX pa3HBIC
METO/IbI U TPOLECCHI, TO3BOJIAET CHUXKATh SHEPro3arpa-
TBI. DTO 00BICHSAETCS TEM, YTO pacCCIauBaHUC SIBJIACTCA
CaMOIIPOM3BOJIBHBIM IIPOLIECCOM, KPOME TOrO, B psle
Clly4aeB OJMH MM o0a MOTOKa, MOKUAAIOIIUE cenapa-
TOP, MOTYT TIPEACTaBIATh OO0 MPOAYKTOBBIE MOTOKU
3a CYET NPAKTUUYECKHU ITOJIHOW HEPACTBOPUMOCTH KOMIIO-
HEHTOB JIPYT B JpyTe.

IIpu pasgeneHMd MHOTOKOMIIOHEHTHBIX —cMecei
BCTaeT BONPOC O MENecO0OPa3HOCTH HWCIONB30BAHUS
TOrO WJIM MHOTO METO/a HIIM MPOoLecca Ha Pa3HbIX 3Ta-
nax pasJesieHus (MU pa3AeneHIH CMECH ¢ pa3HbIM YHC-
JI0M KOMIOHEHTOB). [Ipoananu3npoBaHHbIE NCTOUHUKA
HE MO3BOJISIOT B MOJHOHM Mepe OTBETUTh Ha JaHHbII

BOIPOC, TOAPOOHOE WCCIENOBAHUE TMPOBEICHO TOIb-

KO JJIsi OJHOM cucTeMbl M aByX Mmetono: OP u PSD.

O¢ddexkTuBHOCTh AaHHBIX MPOLECCOB MPHU Pa3ICICHUN

CMECH KOHKPETHOTO COCTaBa CHUKAETCS C TIOBBIIICHUEM

KOMIIOHEHTHOCTH Pa3IeIsIeMO CMECH.

CpaBHEHHIO CX€M, OCHOBAaHHBIX Ha OKCTPAKIIUH,
C IpyTMMHU BapMaHTaMM pas3zefieHusl yAeseTcs KpaiHe
MaJl0 BHUMaHHA B JuTeparype. [Ipu orenke memeco-
00pa3HOCTH COYETAaHUS MPOLECCOB SKCTPAKLIUU U PEK-
TI/I(bI/IKaIII/II/I BaXHO YYHUTbHIBATh BO3MOKXHOCTbH PECreHEpa-
UM SKCTPATeHTa B KyOe PeKTU(PHUKAINOHHON KOIOHHBI.
Oco0eHHO ATO KacaeTcs TeX ClIydaeB, Korja COOTHOIIE-
HUE KOJIMYECTB UCXOIHON CMECH M dKcTpareHnTa <1.

Ha ocHoBe mpoBeieHHOTr0 0030pa HAy9IHOH JINTepaTyphl
MOXHO C(OPMYJIUPOBaTh IEPCIEKTUBHBIE HAalpaBICHUS
JIATIBHEUIIINX HUCCIIEIOBAHUIA B OOJIACTH CHHTE3a CXEM pa3-
JICTICHUSI CMeCeil OPraHIMIECKHX MPOIYKTOB 33 CIET UCTIONb-
30BaHMS PA3IMYHBIX METOIOB M IPOLIECCOB Pa3IeNeHUS:

e omneHka 3()(EKTUBHOCTH NPUMEHEHHS PA3THUHBIX
MIPOIIECCOB (PKCTPAKIIHS, pacCIauBaHue, peKTH(HHKA-
U, CIICIHaIbHbIC METOABI PEKTHU(HUKAIIK) HA pa3-
HBIX JTarax pasJesieHus;

® CpaBHHUTENbHBIN aHamu3 MetonoB DP u ['OP npu pasz-
JIEJIGHUN CMecCed pa3HOro MCXOIHOTO cOCTaBa (BbI-
JIeJIeHUe 00JIacTel SHEPTreTUYECKOTO PEUMYIIeCTBa
Ka)XJIOTO METO/1a);

e omeHKa Y(DPEKTUBHOCTU peaU3alii CXEM, OCHOBAH-
HBIX Ha COYETAHUH DKCTPAKLIMH C IPYTUMHU IIPOLIECCAMH,
B 3aBICHMOCTH OT CTaIiH PETCHEPAIIN IKCTPATCHTA.
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Abstract

Objectives. Oral administration of ibuprofen often requires much higher doses than the necessary therapeutic dose due to the low solubility
and first-pass metabolism of this anti-inflammatory drug. In order to improve its solubility and bioavailability, orally administered
ibuprofen can be encapsulated into chitosan nanoparticles. The release of ibuprofen from chitosan nanoparticles can be pH-controlled
to increase drug delivery efficiency when passing through the gastrointestinal tract. While ionic gelation provides versatile nanochitosan
synthesis, the impact of the chitosan-to-tripolyphosphate (CS/TPP) ratio on encapsulation efficiency (EE) and loading capacity (LC)
of the ibuprofen-loaded chitosan nanoparticles (IBU-CSNPs), as well as their release behavior under various pH conditions, remains
unexplored. The study aims to determine the appropriate CS/TPP ratio for the highest EE and LC, as well as to evaluate the morphology,
release behavior, and degradability of the IBU-CSNPs under optimal conditions.

Methods. The effect of CS/TPP ratio on the EE and LC of nanoparticle-loaded ibuprofen is studied by comparing the total and free
concentrations of the drug and the weights of the CSNPs and IBU-CSNPs. To elucidate the characteristic properties of the IBU-CSNPs
prepared at the optimal CS/TPP ratio, in-depth characterization was performed, including their morphology, chemical structure,
crystallinity profile, in vitro degradation, and release behavior. The release profile of the IBU-CSNPs is studied under simulated gastric
fluid (SGF), intestinal fluid (SIF), and sequential conditions of SGF and SIF.

Results. EE and LC were found to be significantly enhanced by an appropriate 1:1 mg/mg ratio, reaching 77.70 + 0.65% and
46.62 + 0.39%, respectively. The fabricated IBU-CSNPs exhibit a spherical shape with a uniform size distribution of approximately
50-60 nm and accelerated degradation compared to the unadulterated chitosan nanoparticles under simulated gastrointestinal conditions.
The synthesized IBU-CSNPs demonstrate remarkable acid resistance by a minimal drug release of 9.44% in SGF after 3 h. However,
a sustained release pattern in SIF achieves an equilibrium cumulative release of 94.51% over 5 days. The elaboration of drug release
kinetics using the Kopcha and Korsmeyer—Peppas models suggests erosion-controlled release in SGF and diffusion-controlled release
with swellable ability in SIF.

Conclusions. The results represent valuable insights into the formulation of pH-responsive IBU-CSNPs for the controlled delivery of
ibuprofen via oral administration.
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AHHOTaUuus

Hesmn. IlepopansHoe nmpuMeHenue nOynpodeHa gacto TpeOyeT 3HAYUTENBFHO Ooiee BBICOKHX 103, YeM HEoOXoaMMas TepareBTHYe-
CKasi /1032, U3-32 HU3KOIl PacTBOPHUMOCTH M OBICTPOro MeTabosIM3Ma 3TOTO IPOTHBOBOCIIAIUTEIBHOIO Tpenapara. YTo0b! yIydIIuTh
€ro pacTBOPUMOCTb M OGHOZOCTYITHOCTB, HOYNPOdEH, BBOAUMBIN IEPOPAIBHO, MOXKET OBITh HHKAIICYJIMPOBAH B HAHOYACTUIIBI XUTO3a-
Ha. J[jist Toro, 4To0bI MOBBICUTH Y()PEKTHBHOCTD JOCTABKHU JICKAPCTBA MPH MPOXOXKICHUH YePe3 KEeIYI0YHO-KUILICYHBIH TPAKT, MOKHO
perynupoBarth BBICBOOOXKIEHHE NOynpodeHa 13 HAaHOYACTHIl XUTO3aHa, KoHTponupys pH. B To Bpems kak moHHOE reneoOpa3oBaHue
obecreunBaeT YHUBEPCAIbHBIH CHHTE3 HAHOXUTO3aHa, BIUSHIE COOTHOLICHUS XuTo3aHa u Tpunoiudocdara (CS/TPP) na spdexrus-
HOCTh MHKAICYJISIIUU U 3arPY304HYIO CIIOCOOHOCTh HAHOYACTHIl XUTO3aHa, copepkammx noynpoden (IBU-CSNPS), a Takxke Ha uX
BBICBOOOIK/ICHHE IPH PA3IMYHBIX 3Ha4eHUsX pH, ocraercs HemsydeHHBIM. Llenb ncclieJoBaHus. — OIPEEINTh HOAXOAAIIEe COOTHO-
menue CS/TPP mis monmy4eHust HAMBBICIIMX 3HAYCHUH MHKATICYJSIIAU U 3aTPY30YHOI CIIOCOOHOCTH, a TaKKe OIEHUTH MOP(OJIOTHIO,
XapaKTEPUCTHKN BBICBOOOKACHUS U CIIOCOOHOCTH K pazinokeHnto IBU-CSNPS B onTuManbHBIX yCIOBUIX.

Mertonwpl. Biusiaue coornoutenus CS/TPP Ha HHKATICYISIMIO U 3arPy304HYIO CIIOCOOHOCTD HOympodeHa, copepiKalero HaHOYACTUIIbI,
M3y4aroT MyTeM CpaBHEHUs o0uiel u cBoOoaHOM KoHIeHTpauii npenapara u Mmacc CSNP u IBU-CSNP. /1551 BeIssiCHEHUS XapaKTEePHBIX
cotictB IBU-CSNPs, npurotoBieHHbIX IpH onTuMaibHOM cooTHomeHun CS/TPP, Ob1u1 nmpoBeneH yriiyOneHHBINH aHann3, BKIIOYAIO-
UK UX MOP(OIOTHIO, XUMUYECKYIO CTPYKTYPY, IPOGHIb KPUCTALTHYHOCTH, PA3JIOKEHHE i1 Vitro ¥ TIOBEICHUE ITPU BBICBOOOXKICHHH.
Ipoduns BeicBoOokaeHUsE IBU-CSNPs nsy4ancs ¢ nmomoiipio MogenupoBanus noseaeHus IBU-CSNPs B xkenyno4HON U KUIICYHOM
KUJIKOCTSIX, @ TAKOKe TIPU MOCIJICIOBATEIBHOM BBE/ICHUHU B JKEITYA0UHYIO H KHIICYHYIO KUAKOCTH.

Pesynbrarsl. Haiineno, urto uHkancynauus u 3arpy3ouHas cniocooHocTs IBU-CSNPs 3HaunTenbHO HOBBILIAIOTCS HPU COOTHOLICHUU
CS/TPP = 1 : 1 mr/mr, nocturas 77.70 £ 0.65% u 46.62 + 0.39% coorBercrBenHo. Mojenbubie HanoyacTuisl IBU-CSNPs nmeror
chepudeckyo GopMy ¢ paBHOMEPHBIM paclpeieieHreM 1o pasmepam (mpubmusuteabHo 50-60 HM) U YCKOPEHHBIM pa3liOKeHUEM
[0 CPaBHEHHUIO C HAHOYACTHIIAMM YHUCTOTO XMTO3aHA B YCJIOBHUSIX, UMUTHPYIOLIMX KENYIO0YHO-KHIICUHbIH TpakT. CHHTE3MpOBaHHbIC
IBU-CSNPs /1eMOHCTPHPYIOT 3HAUYUTEJIBHYIO KHUCIOTOYyCTOHYMBOCTh OJIarofaps MHHHMAJILHOMY BBICBOOOXKICHHIO JIEKAPCTBEHHOIO
cpeactBa — 9.44% B xemy104HON KUIKOCTH Yyepe3 3 yaca. OfHAKO IPU JUIUTEIBHOM HAX0XKICHUHU B KMILIEYHOM )KUAKOCTH JOCTUIAETCs
paBHOBECHOE KyMYJISITUBHOE BbICBOOOXKIeHHE B pasmepe 94.51% B Teuenue 5 queil. Kunetnka BEICBOOOXKI€HHS JIEKAPCTBEHHOTO CPE-
cTBa ¢ ucnoab3oBaHueM mMozeineit Komua u Kopemeliepa—Ilennaca npeanonaraet BEICBOOOXKICHHUE C KOHTPOJIEM 3PO3HUHU B JKEITyA0YHOH
JKUAKOCTH ¥ BBICBOOOXK/ICHHE CO CLIOCOOHOCTHIO K HAOyXaHHUIO U KOHTpOseM AU dy3un B KUIICIHON KHKOCTH.

BriBonpbl. [TomyueHHbIe pe3yabTaTsl IPECTABIIOT 3HAYUTEIbHYIO ICHHOCTH B pazpadorke PH-uysctBuTensHbix IBU-CSNPs st koH-
TPOJIMPYEMOH JOCTaBKU NOYNpo(deHa py nepopasbHOM IpHeMe.

KnioueBble cnoBa MocTtynuna: 12.01. 2025
HAHOYACTHUIIBI XUTO3aHa, HOyNpodeH, BHICBOOOKICHHE C peryiupyeMbiM pH, AopabGoTaHa: 08.07.2025
9 HeKTHBHOCTH MHKAIICYIISIMHI, HECYIIasi CHOCOOHOCTh MpuHaTta B neyatb: 01.09.2025
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Enhanced ibuprofen loading capacity
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of chitosan nanoparticles for prolonged release: A comprehensive study etal.

INTRODUCTION

Ibuprofen is a nonsteroidal anti-inflammatory drug that
exerts nonselective inhibition on cyclo-oxygenase-1
and cyclo-oxygenase-2 to hinder the transformation of
arachidonic acid into prostaglandins, which play akeyrole
in pyrexia, inflammation, and pain sensation. Ibuprofen
is predominantly administered orally at a dosage of
200-600 mg every 6 hours. However, the required dose
for therapeutic effect is only about 20—30 mg/kg, which
means that the oral dosage of ibuprofen is 10-20 times
higher than the necessary therapeutic dose [1]. This is
a drawback of oral ibuprofen usage owing to the low
solubility (0.685 mg/mL at 37°C) [2] and the first-
pass metabolism of the drug. Ibuprofen overdosage
may result in some reported adverse effects, including
gastrointestinal ~ problems (heartburn, indigestion,
nausea, and vomiting), uncommon metabolic acidosis,
as well as rarely experienced effects on the central
nervous system [3]. The low dissolution rate of
ibuprofen contributes to its low bioavailability, even
when administered at high oral doses. Many attempts
have been made to formulate ibuprofen into topical
products such as creams and gels as an alternative to oral
administration. However, these alternatives also exhibit
limited therapeutic concentration of ibuprofen because
of its poor skin permeability [4].

An alternative strategy for enhancing the solubility
of ibuprofen for oral administration is to encapsulate it
into a nanoscale drug delivery system. By protecting
the drug from bio-metabolism, the encapsulation of
ibuprofen into nanoparticles improves absorption,
as well as decreasing the frequency and dose of
administration [5]. In general, nano-sized carrier
systems having a large surface area have a significant
advantage in improving the solubility of hydrophobic
drugs. In order for the nanoparticles to be considered
as suitable delivery systems, they must demonstrate
suitable  properties such as  biodegradability,
biocompatibility, and non-toxicity. For this reason,
naturally derived polymers emerge as promising
materials for the synthesis of ibuprofen-encapsulated
nanoparticles. In recent years, chitosan has become
a widely used bio-based polymer for the fabrication of
nano-sized drug delivery systems. This is attributed to
its distinctive chemical structure containing functional
groups of the amino (-NH,) and hydroxyl (-OH),
as well as biocompatibility, mucoadhesion, and low
toxicity. Under appropriate conditions, ibuprofen
with the carboxylic group interacts with the chitosan
chains through electrostatic interactions and hydrogen
bonding between the functional groups of chitosan
and ibuprofen, resulting in the entrapment of the drug
within the polymeric matrix [6]. During the synthesis of

ibuprofen-loaded chitosan nanoparticles (IBU-CSNPs),
cross-linking agents are utilized in association
with mechanical methods like ultra-sonication or
homogenization to facilitate the formation of the nano-
sized particles. In the case of chitosan nanoparticles,
tripolyphosphate (TPP) is applied to promote the ionic
gelation process via ionic interactions between the
negatively charged TPP and positively charged chitosan
groups in combination with mechanical stirring or
homogenization-ultrasonication. IBU-CSNPs were
successfully synthesized by following the ionic gelation
method with TPP as the cross-linker and in situ loading
of'ibuprofen, achieving an encapsulation efficiency (EE)
and loading capacity (LC) of 68.94 + 1.61% and
28 + 1.18%, respectively. The release of ibuprofen
from the fabricated IBU-CSNPs reached an equilibrium
state after 15 h with cumulative drug release (CDR)
of 86.79 + 1.02% and 77.27 + 1.48% in simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF),
respectively. The IBU release mechanism from the
IBU-CSNPs is mainly driven by Fickian diffusion
according to the Ritger—Peppas model [7]. Another
study conducted by Olvera Rodriguez et al., which is
focused on synthesizing IBU-CSNPs for pulmonary
therapy, uses the same ionic crosslinking method with
TPP but incorporating a post-loading approach for
ibuprofen. After the formation of chitosan nanoparticles,
these particles were dispersed in an ibuprofen solution,
allowing the drug to diffuse into and anchor onto the
chitosan nanoparticles via surface adsorption. This
incubation method achieved a high EE of 80% across all
tested drug concentrations (1000 mg/mL, 500 mg/mL,
and 250 mg/mL). The particle size of IBU-CSNPs was
found to range from 5 to 20 nm [8].

One key benefit of the ionic gelation for the
synthesis of chitosan nanoparticles is the ease with
which their characteristics, including particle size,
EE, LC, and release behavior, may be adjusted by
manipulating technological parameters such as
chitosan-to-TPP (CS/TPP) ratio, pH, temperature, and
velocity of chitosan and TPP mixing [9]. However,
to the best of our knowledge, no study has evaluated
the influence of the CS/TPP ratio on the EE and LC
of IBU-CSNPs to suggest the appropriate IBU-CSNPs
synthesis condition for enhanced drug encapsulation.
Moreover, the existing works have only investigated
the release kinetics of IBU-CSNPs in batches of SGF
and SIF without examining the release profile under
conditions of sequential pH change.

In the present study, batch experiments are performed
to fabricate IBU-CSNPs with varying CS/TPP ratios
from1:0.25to 1 : 3 (mg/mg) to assess the impact of this
parameter on the drug LC of the nanoparticles and figure
out the appropriate synthesis condition. Additionally,
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various properties of morphology, chemical structure,
crystallinity, and degradability of the IBU-CSNPs under
the determined synthesis condition are comprehensively
analyzed. The in vitro drug release profile of the
IBU-CSNPs in different simulated environments is
investigated by employing diverse mathematical models
of zero order, first order, Higuchi, Kormeyer—Peppas,
and Kopcha.

2. MATERIALS AND METHOD

2.1. Materials

Chitosan with a molecular weight of 158 kDa and
a degree of deacetylation of above 80% was supplied
by Vietham Food (Vietnam). Ibuprofen (IBU, >98%)
and phosphate-buffered saline (PBS) were obtained
from Sigma-Aldrich, USA. Dialysis Flat Tubing with
amolecular weight cut-off of 14000 kDa was supplied by
Frey Scientific, USA. Acetic acid (CH;COOH, 99.5%),
lactic acid (85.5-90%), hydrochloric acid (HCI, 36%),
sodium tripolyphosphate (TPP, 56-60%), and ethanol
(99.5%) were purchased from Xilong, China. In order to
prepare solutions, distilled water was utilized.

2.2. Preparation of chitosan nanoparticles
loaded with ibuprofen (IBU-CSNPs)

Chitosan is firstly dissolved in 1% acetic acid solution
under continuous stirring to prepare a chitosan solution
of 3.75 mg/mL. An ibuprofen solution of 1.25 mg/mL is
also prepared by dissolving ibuprofen in 70% ethanol.
Next, 1 mL of ibuprofen solution is added to the chitosan
solution and a mixture is stirred in 15 min at 800 rpm.
Finally, an aqueous TPP solution is added dropwise to the
CS/IBU mixture under stirring at 800 rpm for 1.5 h until
an opalescent suspension is obtained. The formulation
of IBU-CSNPs with varying TPP concentrations is
presented in Table 1. The CSNPs without loading
ibuprofen are prepared by following the same procedure.

Table 1. Experimental design of synthesizing IBU-CSNPs

Final concentration
CS/TPP ratio,
mg/mg Chitosan, TPP, Ibuprofen,
mg/mL mg/mL mg/mL
1:0.25 0.75
1:05 1.50
1:1 3.00 3.00 1.00
1:2 6.00
1:3 9.00

2.3. Characterization

Following synthesis, both CSNPs and IBU-CSNPs
were evaluated for their morphologies using field
emission scanning electron microscopy (FE-SEM,
Hitachi, S-4800, Japan). The samples were coated
with thin Pt layers before measurement. Chemical
structure of ingredients (chitosan, ibuprofen, TPP) and
synthesized nanoparticles (CSNPs and IBU-CSNPs)
were studied by Fourier-transform infrared spectroscopy
(FTIR, Alpha II, Bruker, Germany). FTIR spectra were
plotted in the wavenumber range of 6004000 cm™! at
a resolution of 4 cm™!. The crystallinity profile of the
individual ingredients, CSNPs, and IBU-CSNPs was
obtained by utilizing X-ray diffraction (XRD, Bruker,
D8 Advance). The specimens are ground into fine
powder and investigated for their XRD spectra in the
range of 5°—80° (20).

2.4. EE and LC of chitosan nanoparticles

The opalescent suspensions of the chitosan nanoparticles
with increasing TPP concentration were centrifuged
at 13000 rpm (16058g) for 30 min. The precipitated
IBU-CSNPs were then resuspended in 70% ethanol
to solubilize the nanoparticles and remove unbound
ibuprofen. The suspensions were further centrifuged
at 13000 rpm (16058g) for another 30 min. Finally,
the collected IBU-CSNPs were washed with water and
dissolved in an HCl solution 0of 0.02 M for more than 1 day
to completely release ibuprofen from the nanoparticles.
The ibuprofen concentration in the media was analyzed
using a UV—Vis spectrophotometer (UV—Vis, Model 754,
Stech International, United Kingdom) at 222 nm. The EE
and LC of the IBU-CSNPs are determined by Eqgs. (1)
and (2):

CT B CF
EE(%) =—L—F % 100%, (1)
CT
WL
LC(%) = —% x100%, )
WN

where Crand C (mg/mL) are total and free concentrations
of ibuprofen in the CSNPs suspensions, respectively;
W, and Wy (g) are weight of ibuprofen loaded in CSNPs
and the weight of nanoparticles, respectively.

2.5. Invitro ibuprofen release kinetics
of the IBU-CSNPs

The IBU-CSNPs were studied in vitro release profile
under different pH conditions by applying the analysis
membrane method [10]. In particular, 1.5 mL of the
IBU-CSNPs suspension was added into the tied dialysis
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tube. For the drug release, three mediums of simulated
gastric fluid (SGF, pH 1.2), simulated intestinal fluid
(SIF, pH 6.8), and simulated biological fluid (SBF,
pH 7.4) were prepared. Furthermore, ibuprofen release
capacity from nanoparticles was evaluated in sequential
release with a medium of pH 1.2 for the first 3 h [11, 12]
and then moved to pH 6.8 for the next 12 days [13].
The equipped dialysis tube is immersed into 25 mL of
each media to release the drug from the nanoparticles
into the environment through the membrane. The CDR
is calculated at different time intervals using a UV—Vis
Spectrophotometer at 222 nm. The release kinetics of the
IBU-CSNPs are studied by using mathematical models
of zero order (Z-0O), first order (F-O), Higuchi (H),
and Korsmeyer—Peppas (K-P) as presented in
Egs. (3)—~(7) [14]. In order to determine the appropriate
release mechanism, the most suitable model for the
release behavior of the IBU-CSNPs was identified.
Zero-order model (Z-0O):

M
kot 3)
First-order model (F-O):
M
MOO
Higuchi model (H):
M
=k, 5)
MOO
Korsmeyer—Peppas model (K—P):
Dbyt (6)
KP* »
o0
Kopcha model:
M
—L = AJt+Bt, (7)
Moo

M
where —L is the fractional amount of the drug released
o0

attime ¢ (h); k, k,, kyy, &,

«p» A, and B are constants of the

corresponding models. Besides, n is the diffusion
release

exponent indicating  the mechanism

(K—P model).

1:0.25

2.6. Degradability of the CSNPs
and IBU-CSNPs

The degradability of the nanoparticles with and without
ibuprofen was evaluated in a sequentially pH-changing
experiment. In particular, the particles were incubated in
the SGF solution (pH 1.2) for 3 h and then transferred
to the SIF environment (pH 6.8) during the remaining
period. The degradability of the nanoparticles is
determined by their dry weight difference before and
after incubation as described in Eq. (8).

. Wo—W,
Degradability(%) = —¢_—- x100%, (8)
0

where W, and W, are respectively the weight of the

IBU-CSNPs initially and at the time # (h).

3. RESULTS AND DISCUSSION

3.1. EE and LC of the IBU-CSNPs

Following the synthesis process, IBU-CSNPs were
successfully fabricated and homogenously suspended
as a milky suspension (Fig. 1). The opacity of the
samples was observed to progressively increase
with a decrease in the CS/TPP ratio: in particular,
the suspensions with the CS/TPP ratios of 1:2 and
1 : 3 (mg/mg) show particle aggregation at the bottom
of the beaker. As the TPP concentration increases, the
extent of the repulsive electrostatic interactions between
the IBU-CSNPs reduces, resulting in the compression
of the double electrical layer and a reduction in the
zeta potential of the nanoparticles [15]. Consequently,
aggregation is promoted, leading to a declined colloidal
stability of the IBU-CSNPs. Previous studies have
also shown that forming weak bonds between chitosan
and TPP by adjusting the CS/TPP ratio helps prevent
aggregation [16, 17].

Figure 2 illustrates the EE and LC of the IBU-CSNPs
with decreasing CS/TPP ratio from 1:0.25 to 1 : 3 mg/mg;
in other words, increasing TPP concentration from 0.75
to 9.00 mg/mL. Overall, both EE and LC of the
IBU-CSNPs tend to grow as the CS/TPP ratio declines
from1:0.25to0 1: 1 (mg/mg), followed by a decrease in
both criteria with a further reduction in the CS/TPP ratio

1:2

Fig. 1. Images of IBU-CSNPs fabricated from different CS/TPP ratios

434 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):430-440



Enhanced ibuprofen loading capacity

Nga H.N. Do,

of chitosan nanoparticles for prolonged release: A comprehensive study etal.

to 1 : 3 (mg/mg). The highest EE and LC of the fabricated
nanoparticles are respectively 77.70% and 46.62% at
the CS/TPP ratio of 1 : 1 (mg/mg). Under this synthesis
condition, the drug LC of the IBU-CSNPs in this work is
almost 2 times higher than that fabricated by Balde e? al.
(EE and LC of 68.94% and 28%, respectively) [7].

100
= Encapsulation efficiency (EE) m [ oading capacity (LC)
7170

80 1 7070 7118
o 6429
NS
g 60 1 5687
g 42 071 1662 s
g 40 4 34.12
Ay

20 -

1:025 1:05 1:1 1:2 1:3
CS/TPP ratio, mg/mg

Fig. 2. Drug loading performance of the IBU-CSNPs with
varying CS/TPP ratios

As can be seen from Fig. 2, an increase in the TPP
concentration results in a higher cross-linking density
of the IBU-CSNPs and a smaller nanoparticle size,
permitting more IBU to be encapsulated within the
nanoparticle core. The increased concentration of TPP
also enhances the stability of the IBU-CSNPs colloids.
Therefore, both EE and LC of the IBU-CSNPs achieve
the highest values at the CS/TPP ratio of 1 : 1 (mg/mg).
However, the stability of the nanoparticles diminishes as
the CS/TPP ratio decreases to 1:2 and 1:3 (mg/mg)
due to particle aggregation to significantly reduce the
possibility for the ibuprofen-chitosan interactions and the
entrapment of the drug within the cross-linked network
of the nanoparticles. Consequently, there is a substantial
decline in both EE and LC of the IBU-CSNPs down to
56.87% and 34.12% in the given order at the CS/TPP
ratio of 1 : 3 (mg/mg).

3.2. Characteristics of the IBU-CSNPs

3.2.1. Chemical-crystalline profile
and morphology of the IBU-CSNPs

In order to analyze the chemical structure of the
fabricated nanoparticles, FTIR spectra of the chitosan
nanoparticles both with and without encapsulating
ibuprofen and components (chitosan, TPP, and ibuprofen)
are illustrated in Fig. 3a. Characteristic absorption bands
appearing in the range of 3000-3500 cm™! are attributed
to hydroxyl and amino groups of chitosan chains. The
strong bands at 1642, 1555, and 1240 cm™! are assigned
to vibrations of C=0 stretching, N-H bending and C-N

stretching in the given order. The significant intensity
in the peak at 1035 cm™! indicates the presence of
C-O-C linkages in the chitosan chains [14]. For TPP,
the peaks at 1076 and 1208 ¢cm™! refer to the P=0O
linkages, whereas the band at 1126 cm™! is attributed to
P—O-R bonds in the phosphate groups [18]. Ibuprofen
is characterized by the peaks at 1708 and 2955 cm™!,
which present functional groups of carboxylic acid and
hydroxyl. There is a strong absorption bond found at
1230 cm™! indicating the C-O—C bonds in the structure
of ibuprofen. The aromatic ring in the ibuprofen
structure is characterized by the two absorption bands at
1458 and 1506 cm™!. Moreover, the rocking vibrations
of CH, and CH, linkages are correspondingly identified
at 776 and 933 cm™! [7]. The lack of a characteristic
peak at 1708 cm™!' in the spectrum of IBU-CSNPs
corresponding with the carboxylic acid of ibuprofen
indicates interactions between the drug and the polymeric
matrix of the chitosan nanoparticles. Additionally, the
absorption bands at the remaining peaks of ibuprofen
are not intense in the IBU-CSNPs spectrum, further
confirming the successful encapsulation of the ibuprofen
in the network of the nanoparticles [7].

IBU-CSNPs

CSNPs

IBU

T e Y

4000 3500 3000 2500 2000 1500 1000 500
20, °
(a)

Intensity

IBU-CSNPs

Intensity

CSNPs

5 10 15 20 25 30 35 40 45 50 55 60
20, °
(b)

Fig. 3. FTIR (a) and XRD spectra (b) of CSNPs
and IBU-CSNPs
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The XRD analysis of the crystalline profile of the
nanoparticles both with and without loaded ibuprofen
is illustrated in Fig. 3b. According to the previous
work, the neat chitosan exhibited diffraction peaks
at 11.9° and 20°, whereas pure TPP showed various
peaks at 19.05°, 19.77°, 33.60°, and 34.49° [19].
However, these characteristic peaks of chitosan and
TPP are absent in the XRD pattern of CSNPs; instead,
new multiple peaks appear at 11.5°, 13.4°, 18.6°,
22.7°, 26.6°, 29.2°, 31.8°, 34.4°, and 43.5°. This
finding indicates that the interactions between the
oppositely charged groups of chitosan and TPP cause
the change in the packing structure of the chitosan
chains. Moreover, there is a greater extent of chain
bonding in the nanoparticles resulting from the cross-
linking between chitosan and TPP. The previous
work presented the XRD pattern of pure ibuprofen
containing the diffraction peaks at 19.4°, 21.6°, 26.8°,
28.4°, and 33.2° [7]. In this study, the lack of signals
at these peaks in the XRD spectrum of IBU-CSNPs
demonstrates that the drug is encapsulated within the
cross-linked network of the nanoparticles.

The morphology and particle size of the IBU-CSNPs
are presented in Fig. 4. The uniform spherical shape of
the IBU-CSNPs together with a smooth surface and nano
size in the range of 50—60 nm confirms the success in the
synthesis of the nanoparticles encapsulating hydrophobic
ibuprofen. As already mentioned, the nano size of the
chitosan-based delivery system increases its surface

S-4800 10.0kV 8.8mm x60.0k SE(M)

area, thus enhancing the efficiency of drug encapsulation
within the polymer network and improving the solubility
of hydrophobic drugs like ibuprofen.

3.2.2. Degradability of the IBU-CSNPs

Degradability is one of the crucial properties of drug
delivery systems due to limiting the release behavior
of the active compound and the toxicity potential
of the material to the human body. In this work, the
degradability of the synthesized nanoparticles is
evaluated in the in vitro condition of simulated oral
administration. Figure 5 depicts the degradability rate
of CSNPs and IBU-CSNPs over time along with the
images of the nanoparticles captured under microscopy
as presented in Fig. 6. During the initial 3-h period in
an acidic environment, the nanoparticles exhibit low
degradation with the respective degradability of 3.93 and
6.40% for CSNPs and IBU-CSNPs. Figure 6b also shows
that there is no significant change in the morphology of
the IBU-CSNPs clusters after 3-h immersion in SGF.
According to the previous study by Lin ef al. [20], it
was found that CS/TPP polyelectrolyte complex gel
microspheres completely degraded within 2 h at pH 1.4.
In contrast, both CSNPs and IBU-CSNPs in this work
exhibit effective acid resistance. This can be attributed
to the dense cross-linking within the polymeric matrix of
the nanoparticles via the strong electrostatic interactions
between the protonated amino groups of chitosan under
an acidic environment and the negatively charged

Fig. 4. Morphology of the IBU-CSNPs synthesized at a CS/TPP ratio of 1 : 1 (mg/mg)
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phosphate groups of TPP. The high stability witnessed
in SGF demonstrates the ability of the IBU-CSNPs to
withstand the harsh conditions of the stomach and protect
the drug from first-pass metabolism.

60
IBU-CSNPs

50 A {__--{-—-—I
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Time, day

Fig. 5. Degradability of CSNPs with and without
encapsulating ibuprofen under sequential pH change
conditions (SGF at pH 1.2 for 3 h, followed by SIF at pH 6.8
for the remaining duration)

When the experimental environment changes to
SIF, the degradation of the nanoparticles occurs more
prominently with the corresponding degradability
of 28.03% and 49.62% after 7 days for CSNPs and
IBU-CSNPs. The looser structure of the polymeric
matrix resulted from the partial deprotonation of chitosan
chains, while the high solubility of ibuprofen in a neutral
environment (pH 6.8) contributes to the weakening of
the interactions between the drug and chitosan chains,
promoting the diffusion of drug molecules from the
nanoparticles. As a result, voids and porous channels are
created within the structure of the nanoparticles, allowing
the penetration of the environment fluid and causing more
deprotonation of chitosan. Therefore, the degradation of
IBU-CSNPs is considerably greater than that of CSNPs
at the same time interval. Figure 6¢ demonstrates the

evident degradation of IBU-CSNPs clusters in the SIF
characterized by the presence of discrete fragments with
various morphologies.

3.3. In vitro release kinetics
of the IBU-CSNPs

The release kinetics of IBU-CSNPs under different
simulated fluid conditions are depicted in Fig. 7.
The equilibrium release state of IBU-CSNPs in all
investigated environments is achieved after 5 days with
approximately the entire ibuprofen-loaded content being
released from the nanoparticles. In particular, at the same
time point of 1 day after exposure to the environment,
the CDR of the IBU-CSNPs in SGF and SIF is 23.13%
and 67.58% in the given order. These values are all lower
than the CDR reported in the study by Balde et al. (around
80%) [7]. Therefore, the as-fabricated IBU-CSNPs
exhibit prolonged ibuprofen release demonstrated by
their slow release rate in comparison with the previous
work.

The distinct release behavior of the IBU-CSNPs
among the environments indicates the pH-responsive
release capability of the synthesized delivery system.
In particular, the SIF condition strongly promotes the
ibuprofen release from the nanoparticles, whereas
the SGF environment inhibits the diffusion of drug
molecules into the medium (Fig. 7a), similar to the
findings in the degradation assessment. The maximum
ibuprofen concentration is achieved after 4 days and
2 days in respective environmental pH values of 1.2
and 6.8. The specific maximum drug concentration is
correspondingly 28.48 and 27.36 mg/L (Fig. 7b). In
comparison with previous studies, the pattern of the
ibuprofen concentration in the aqueous media over
time is similar to the drug concentration-time profile of
a sustained release delivery system [21, 22]. Moreover,

Fig. 6. Alteration in the morphology of IBU-CSNPs before the experiment (a), after 3h-immersion in SGF (b),
and the next 5-day cultivation in SIF (c)
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the therapeutic concentration range for ibuprofen
analgesic and anti-inflammatory effects is approximately
10-50 mg/L [23]. According to the experimental
data, the ibuprofen concentration in the SIF reaches
20.55 mg/L and remains within the therapeutic window
of ibuprofen until the 12th day. While IBU-CSNPs
in SGF also exhibit a similar trend in the drug release
behavior, the therapeutic concentration is only achieved
on the 2nd day from the beginning.
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Fig. 7. In vitro release of IBU-CSNPs in terms of the CDR (a)
and ibuprofen concentration (b) recorded under SGF, SIF, and
sequential pH-changing conditions

In the sequential pH condition, the ibuprofen release
profile of the IBU-CSNPs is a combination of the release
patterns witnessed in SGF and SIF, but at different CDR
and ibuprofen concentrations. The release kinetics of
the drug-loaded nanoparticles under the sequentially
changing pH condition exhibit distinctions starting
from the transition of the environment with a slower
ibuprofen release rate. In this case, the maximum
ibuprofen concentration is reached after 5 days along
with the therapeutic drug concentration achieved after
12 h and continuously maintained in the range of
10.05-21.57 mg/L until the 12th day. As depicted in
Fig. 7, the findings of this biomimetic evaluation indicate

that the higher CDR and ibuprofen concentration in
SIF than in SGF enables effective drug delivery to the
intestine as well as avoids drug leakage in the stomach.

The release kinetics of IBU-CSNPs in SGF, SIF, and
biomimetic conditions are mathematically analyzed by
the determined models including zero order, first order,
Higuchi, Kormeyer—Peppas, and Kopcha. The results
from the analysis are tabulated in Table 2.

Table 2. Analysis of IBU-CSNPs release kinetics
by mathematical models

Experimental condition
Model
bl coefficient SGF SIF Sequential

release
k, 0.196 0.162 0.185

Z-0
R? 0.987 0.750 0.939
ky 0.491 0.230 0.456

F-O
R? 0.908 0.636 0.754
ke 0.171 0.134 0.160

H

R? 0.897 0.563 0.789
kxp 0.237 0.697 0.416
K-P n 0.917 0.470 0.622
R? 0.983 0.999 0.997
A 0.076 0.494 0.375
Kopcha B 0.167 0.000 0.025
R? 0.994 0.966 0.995

The release profile of IBU-CSNPs follows the
Korsmeyer—Peppas model in SIF (R? of 0.999) and the
Kopcha model in SGF (R? of 0.994). Both models show
an extremely high correlation with the ibuprofen release
kinetics under the sequentially pH-changing condition.
The release exponent of 0.470 determines the anomalous
or non-Fickian transport for the release kinetics of
IBU-CSNPs governed by the drug diffusion, swelling,
and degradation of the nanoparticles. On the contrary,
the mechanism of the drug release into the acidic
environment is predominantly controlled by the erosion
of the nanoparticles according to the greater erosion
constant (B) than the diffusion constant (4) in the Kopcha
model. For the simulated oral drug delivery by changing
pH, the release exponent below 0.85 (Korsmeyer—Peppas
model) and A4/B ratio above 1 (Kopcha model) confirm
that the ibuprofen diffusion is the primary mechanism
controlling the drug release from the IBU-CSNPs. This
finding is reasonable due to the much longer exposure
duration of the nanoparticles encapsulating ibuprofen in
SIF than in SGF.
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4. CONCLUSIONS

The IBU-CSNPs successfully synthesized following
the synthesis procedure with the CS/TPP ratio from
1:025 to 1:1 (mg/mg) show a uniform spherical
shape and a particle size of 50-60 nm. The CS/TPP
ratio influences the drug entrapment efficiency of the
developed nanoparticles. When the ratio decreases
below 1:1 (mg/mg), there is a failure in the drug
loading of the CSNPs as evidenced by a remarkable
reduction in both EE and LC. Under the simulated
condition of oral drug delivery, the IBU-CSNPs have
a degradability of about 50% after 7 days and excellent
acid resistance, as well as demonstrating a controlled
pH-responsive release. In the first 3 h within the SGF
environment, only 9.44% of ibuprofen is released,
demonstrating the high efficiency of ibuprofen protection
within the CSNPs system. The release gradually
increases in the SIF environment to reach 25.07% at
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AHHOTaUuS

Heau. B vacTosmee Bpems isl TedeHUs 3a001€BaHIN, IMEIOIINX TEeHETHUECKOe POUCXOKICHHE, pa3pabaThIBAIOTCS METOABI TEHHOM
Teparnuy, OCHOBAaHHBIE HA I0CTaBKE B KJIETKH OpraHU3Ma TePareBTHUECKUX HYKIEHHOBBIX KUCIOT. Cpey COBPEMEHHBIX CHCTEM JIOCTaB-
KH JTIEKapCTBEHHBIX CPEJICTB 0CO00E MECTO 3aHIMAIOT HEBUPYCHBIE CPE/ICTBA, OCHOBAHHBIE HA NCIIOIb30BAHUU PA3HOOOPA3HBIX JIHITHIOB
JUTS TTOJTYYCHUSI TUTIOCOM M MuIieII. Llenbio TaHHO# paboThI ABIAETCS CHHTE3 U H3ydeHHEe CBOMCTB JUMEPHBIX KATHOHHBIX aM(U(UIOB
HEPETYISIPHOTO CTPOCHHSI ¢ CHMMETPHYHBIM M aCCUMETPUYHBIM TUAPO(GOOHBIM OIOKOM IS ONPEICNCHNUs] BIUSHUS CTPYKTYpPBI Ha (HH-
3UKO-XMMHYECKHE CBOICTBA, YTO TO3BOJIUT OI[EHUTH NMEPCIIEKTUBBI UX IPIMEHEHHUS B Ka9eCTBE TPAHC(EKI[OHHBIX areHTOB.

Metoabl. Dopmuposanue ruApoOOHBIX U THAPOPUIBLHBIX OIOKOB MpeAnonaraeT MpoBeAeHNE PeaKkIuii MPOU3BOAHBIX L-nnctuHa u
T3GHUPOB L-rmyTaMMHOBOM KHMCIOTHI M AN3TAHOJIAMHHA C MOMOIIBIO KOHJEHCUPYIOMINX areHToB: N,N-IHIUKIOreKCUIKapOoIuuMu-
na (DCC) + 4-mumernnamunonupuania (DMAP) nnu rekcadropdocdar 6ensorpuazonrerpameriayponus (HBTU) + numnsonponu-
stunamuna (DIPEA). [{ns BeiAeneHHs: IPOAYKTOB PEaKIny U3 PEaKIMOHHON CMeCH MPUMEHSIACh KOJOHOYHAsI XpoMaTtorpadus u/uin
nperapaTuBHast TOHKOCIOMHas Xxpomarorpadus Ha cunukarene. CTpyKTypa HOMyYeHHbIX COSIMHEHHI MOATBEPIKICHA JAaHHBIMH CIIEK-
TPOCKOTIUH AEPHOTO MATHUTHOTO pe3onanca 'H u Macc-criektpomeTpun. CHHTE3MPOBAHHBIE TMMOTIENTH/B B BOIHOM cpee 06pa3zoBh-
BaJIU JTUMIOCOMANbHBIE AUCTIEPCHH, Pa3MepP JaCTUI] KOTOPBIX OMPEAETANIN METOIOM (POTOHHO-KOPPETAIHOHHON CIIEKTPOCKOMHN.

Pe3yabrarsl. Pa3paboTaHbl CXeMbl MOTyYeHHUs] HOBBIX TUMEPHBIX KaTHOHHBIX aM(DU(HUIOB HA OCHOBE MPOM3BOAHBIX L-ructuHa. ['u-
npodoOHbIEe OIOKM MONYYSHHBIX COSIUHEHHI BKIIOYAIOT THA(GHpPBI AndTaHodamuHa u L-rmyramuHoBoit kuciotel (C10, C14 u C16).
LleneBbie UmONEnTH/BI OBUTH HUCIIONB30BAHBI IS TOIYYEHHS JIMITOCOMAJIbHBIX JUCIIEPCHBIX CHCTEM B CMECH C HMPUPOAHBIMHU JIHITH-
namu. Jlist Bcex QUCHepCHil onpeiereH THAPOANHAMHYECKUI pa3Mep COPMHPOBAHHBIX YACTHIL, KOTOPBIH HAXOAWTCS B MHTEpBale
ot 50 10 200 HM.

BeiBoapbl. V3yueHs! pU3NKO-XUMHYECKHE CBOMCTBA BOIHBIX TUCIIEPCHI HA OCHOBE CHHTE3UPOBAHHBIX COeMHEHUH. JluMepHbie aMmpu-
¢Guibl B cMecH ¢ pochaTHIMITXOIHMHOM M XOJIECTEPHHOM 00pa3yroT JINIIOCOMANbHBIEe YacTHIIbI. [1oka3aHo BIUSIHUE CTPYKTYPBI aMpupH-
JIOB HAa pa3Mep MOJTy4aeMbIX arperaToB. YCTaHOBJIECHO, YTO HauOoJee 3HAYNMbIM ITapaMeTPOM, BIHSIOMINM Ha pa3Mep YacTHII, SBISETCS
gucio octatkoB L-opautnna (0, 1, 2) B cocTaBe 1eneBbIX NPOITYKTOB.

KnioueBble cnoBa MocTtynuna: 11.12.2024
CHMMETPUYHBIC U ACHMMETPHUYHbIEC TUMEPHBIC KaTHOHHBIE aM(UHIBI, TIPOM3BOIHEIC AopaGoTaHa: 07.04.2025
L-uucTuHa, KaTHOHHBIC JIMITOCOMBIL, JTUIIONEI T MpuHaTta B neyatb: 05.09.2025
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Abstract

Objectives. Gene therapy techniques based on the introduction of therapeutic nucleic acids into body cells are currently being developed
for the treatment of diseases with a genetic etiology. Among modern drug delivery systems, nonviral agents based on the use of a variety
of lipids to produce liposomes and micelles occupy a special place. This work sets out to synthesize and study the properties of dimeric
cationic amphiphiles of irregular structure with symmetric and asymmetric hydrophobic blocks in order to determine the influence of
structure on physicochemical properties and evaluate the prospects of their application as transfection agents.

Methods. The formation of hydrophobic and hydrophilic blocks involves reactions of L-cystine derivatives and L-glutamic acid and
diethanolamine diesters using the condensing agents: dicyclohexylcarbodiimide (DCC) + 4-(dimethylamino)pyridine (DMAP) or
hexafluorophosphate benzotriazole tetramethyl uranium (HBTU) + diisopropylethylamine (DIPEA). In order to isolate the reaction
products from the reaction mixture, column chromatography and/or preparative thin-layer chromatography on silica gel were used. The
structure of the obtained compounds was confirmed by 'H nuclear magnetic resonance spectroscopy and mass spectrometry. Synthesized
lipopeptides in aqueous medium formed liposomal dispersions whose particle size was determined by photon correlation spectroscopy.

Results. Schemes for the preparation of novel dimeric cationic amphiphiles based on L-cystine derivatives were devised. The
hydrophobic blocks of the obtained compounds include diesters of diethanolamine and L-glutamic acid (C10, C14, and C16). Targeted
lipopeptides were used to obtain liposomal dispersed systems mixed with natural lipids. The hydrodynamic size of the particles formed
in all dispersions was determined to be within the range of 50 to 200 nm.

Conclusions. The physicochemical properties of aqueous dispersions based on the synthesized compounds were investigated. Dimeric
amphiphiles mixed with phosphatidylcholine and cholesterol form liposomal particles. The impact of amphiphile structure on aggregate
size was demonstrated. The number of L-ornithine residues (0, 1, 2) in the target products was found to be the most significant parameter
affecting the particle size.

Keywords Submitted: 11.12.2024

symmetric and asymmetric dimeric cationic amphiphiles, L-cystine derivatives, Revised: 07.04.2025

cationic liposomes, lipopeptides Accepted: 05.09.2025
For citation

Volodin T.A., Polikashina P.P., Budanova U.A., Sebyakin Yu.L. Symmetrical and asymmetric dimeric cationic amphiphiles based on
lipopeptides of irregular structure as potential components of cationic liposomes. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2025;20(5):
441-453. https://doi.org/10.32362/2410-6593-2025-20-5-441-453

442 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):441-453


https://doi.org/10.32362/2410-6593-2025-20-5-441-453
mailto:c-221@yandex.ru
https://doi.org/10.32362/2410-6593-2025-20-5-441-453

CYIMMETPUYHbIE Y aCUMMETPUYHbIE AMMEPHbIE KaTUOHHbIE aMbudusb

T.A. BonogmH

Ha OCHOBE InNonNenTnaoB HEePEryJgapHoOro CTpoeHusa B ka4ecTBe NnoTeHUMasibHbIX KOMMOHEHTOB KATUOHHbLIX JIMMOCOM nnaop.

BBEOEHUE

T'ennas tepanus obnajgaeT MOTEHIMAIOM JUIS JICUEHUS
TreMaTONOTUIECKUX U CEPACUHO-COCYIUCTRIX 3a00IeBa-
HUH, HEBPOJIOTHYECKUX PACCTPOMCTB, PAKOBBIX 3a00-
JIeBaHUHN U reHeTHYecKuX HapyumeHui. CoBpeMeHHbIE
METOAbI JICHCHHS OCHOBaHbI Ha HCIOJbB30BAHUU HY-
kienHoBbIx kuciotr (HK), Bximiowass manbie uHTEp-
tdepupytomue PHK, aHTHCMBICIOBBIE OIUTOHYKIIEO-
TUJel ¥ anTamepbl. COBCeM HENaBHO B ATOW 00JacTh
ObLTM 07100peHbl BakiMHBI Ha ocHoBe MPHK mpotus
COVID-19 [1].

[TonoxurenbHble pe3yabTaTbl TEHHON TEpauy MOX-
HO HAOIIONAaTh MPH JICYCHHH MHOXECTBa 3a00JIeBaHUMH,
TaKUX KaK CIIMHAJbHAs MbllIeuHas arpodus, remodu-
misi, o(TanbMOJIOTHYECKHE 3a00JieBaHMs, HEKOTOPHIE
OHKOJIOTHYECKHE 3a00ieBanus [2] U BUpyCHBIE 3a00Jie-
BaHus [3].

BaxubMu (hakTOpaMH YCTICHIHOW KOPPEKIMH T'eHe-
THYECKUX OTKJIOHCHUH SBIIIOTCA (PPEKTUBHOCTH 10-
craBkn HK u cozganue ycnoBuil Uil UX JJIUTEIBHOTO
(yHKIIMOHMPOBaHMS. J[1 JOCTaBKM IeHETHYECCKUX Ma-
TEpUaJIOB B KJICTKU pa3padaThIBAIOTCS Pa3MIHBIC BH-
pPYCHBIE U HEBUPYCHBIE BEKTOPBI, KaXKIBIH M3 KOTOPBIX
HMEET CBOU IIPEUMYIIECTBA U HENOCTATKU [4].

JlunocomasbHblE CHUCTEMBI OTHOCSTCS K LIMPOKO-
My Kjaccy HeBUpPYCHbIX cpeiacTB goctaBku HK. Ouu
ObBLTH OJHUMH U3 NEPBBIX HCBUPYCHBIX CUCTEM, IIPOJC-
MOHCTPHPOBABIINX 3(PPEKTUBHYIO JOCTaBKy T'€HOB H
MPOLICAIINX JOKIMHUYECKUE U KIMHUYECKUE HCIbITa-
Hus [5].

W3BectHo, 4YtOo cTpykTypa amduduios Bimser
Ha pa3Mep U THUIl YIAKOBKH MOJY4YaeMbIX arperaros.
Bapsupyst paznuuHbie 0JI0KH U IPUPOY crieiicepa MOX-
HO W3ydYaTb (PU3HKO-XHMHUCCKHE CBOHCTBA arperaTros
Ha OCHOBE 3TUX MOJIEKYJ U UX AalibHeilee B3auMoiei-
CTBHE C OuojorndeckuMu MemoOpanamu. Tak, KaTHOH-
HbI€ IMMEPHbIE IPOU3BOJHBIE C KOPOTKUMHU CIIEHCEepHbI-
MU TPyMIaMHA 00ECIICUUBAIOT BBICOKYIO d(P(PEKTUBHOCTh
TpaHCc(EKIMH, BEPOATHO, M3-3a HAJIMYUS JIBYX COCYIIIE-
CTBYIOIIMX JAMEIUISIPHBIX CTPYKTyp [6]. Takke moka-
3aHO, 4T0 BbIcBOOOXKIeHMI0 HK M3 numomnekca crno-
coOcTByeT Oojee MIMHHBIA (parMeHT B ruapodoOHOM
omoke (C16, C18) [1, 6, 7].

Lenbto qaHHOM pabOTHI ABISETCS MONYYEHUE U U3Y-
YEeHUE CBOWMCTB KaTHOHHBIX aM(U(UIOB HEPETYISIPHOTO
CTPOEHUSI C CHMMETPUYHBIM U aCCUMETPUYHBIM T'MJIPO-
(hOGHBIM OJIOKOM JUTSL ONPEICIICHISI BIUSHUS CTPYKTYPBI
Ha CBOWCTBA 00pa3yeMbIX MU B BOJHOI Cpeie BE3UKYII,
YTO [03BOJIUT OLEHUTH NEPCHEKTUBbI UX MPUMEHEHUS
B Ka4eCTBE TPAHC(PEKIIMOHHBIX ar€HTOB.

Hcnons3oBanue OPpUPOAHBIX AMHUHOKHCIIOT B CO-
craBe cTpykryp HK-cBsi3pIBarommx areHTOB SIBISIETCS
MEPCIIEKTUBHBIM MMOX0/10M. M3BeCTHO, YTO PUPOAHbIE

AMHWHOKHCJIOTHI SABJISAKOTCA €CTCCTBCHHBIMU KOMIIOHCH-
TaMH OMOJIOTHYECKUX CHUCTEM, IIPH HX KaTaOoIH3Me He
MIPOUCXOMUT 00pa30BaHMsS TOKCHYHBIX METa0OJUTOB,
YTO OOBSACHSACT HU3KYH) TOKCHYHOCTh U BBICOKYIO OMO-
JOTHYECKYI0 COBMECTHMOCTH CPEACTB JAOCTABKU Ha MX
ocHoBe [8, 9]. Takxke 3a cueT BOBMOXHOCTH MPOTOHU-
poBanus ampuduIoB, comepkanmMx OCTATKH aMHUHO-
KHCJIOT, 00pa3yIoTCs TIONIOKUTEIHHO 3apsDKEHHBIC KaTH-
OHHBIC aM(DUPUITBL, U3 KOTOPHIX B MOCIEIYIOMEM MOTYT
OBITH CKOHCTPYHPOBAHBI KOMIUIEKCHI C OTPUIATEIBHO
sapspkeHHbIME HK. B cTpykType 1ieseBbix ampuduion
B KayeCTBE CIEHCEPHOr0 yYacTKa HCIIONb30BaHA IIPH-
polHas aMMHOKHCIOTa L-nMcTHH, coeAauHsomas I'u-
JIpohoOHBIH ¥ THIPOGUIBHBIN ToMeHbI. Jlucynbdumnas
rpyIIa sBISETCS yYaCTKOM, MOTCHIIMATBHO YYBCTBH-
TCJIBHBIM K I[eﬁCTBHIO BHYTPHUKIICTOUYHBIX BOCCTAHO-
BUTEJIEH, Hampumep, DIIyTaTuoHa. Paspymenue nu-
CyIb(GUIHON TPYIIBl MOXKET CHUKATh CTAOMIBHOCTD
JIMTIOIIEKCA M CIIOCOOCTBOBAaTh BHICBOOOKIeHHIO HK,
TEM CcaMbIM, YBeIW4HBas 3PQPEKTUBHOCTh TpaHCHEK-
uuu [10, 11].

BBenenune B momnsipHbIC OIOKM CHHTE3HPYEMbIX TH-
MEpOB OJHOTO WJIM JBYX OCTAaTKOB L-opHHUTHHA, TpHCO-
SIUHECHHBIX M0 aMUHOTPYIIaM L-IMCTHHA, [TO3BOJISIET
noouthes 3 dexra MyaTbTUBAICHTHOCTH, OJaroaaps Ko-
TOPOMY YIy4IIaeTCsl CHOCOOHOCTh KATHOHHBIX JIUTIOCOM
Y TeHETHYECKOTO MaTepraia (hOpMHUPOBATH CTAOMITBHBIN
nunorieke [1].

Hamu npensioskeHb! pa3nudHbie THITB THAPO(HOOHBIX
0JIOKOB, TIPENICTABIISIIONIIE COO0H MUIUPHI TUITAHOINA-
muHa ¥ L-rmyramuHoBo#t kucnotsl (Glu) (C10, C14 u
C16). Beicokast ruipooOHOCTH TTOJJOOHBIX COSAMHEHUI
MOTCHIUAIFHO TO3BOJISIET MOBBIIIATH (DPEKTUBHOCTH
Tpanchexnuu [1, 4].

OKCNEPUMEHTAJIbHAA YHACTb

MaTtepuanbl u meToAbl

KomMepuecku MOCTYITHBIC pPEareHThl HCIOIb30BAIKChH
0e3 IOMOJHHUTEILHON OYHUCTKH: IU-mpem-0yTHIIuKap-
oonar, N,N'-munuknorekcuikapoomuumun  (dicyclo-
hexylcarbodiimide, DCC), 4-mumeTniaMHUHONMUPUINH
(4-(dimethylamino)pyridine, DMAP), rekcadropdocdar
oeHzoTpuasontTerpameruiyponuit (hexafluorophosphate
benzotriazole tetramethyl uronium, HBTU), nuuso-

npormmwndTHiamMue  (diisopropylethylamine, DIPEA)
(Sigma-Aldrich,  Tepmanus);  HaTpuili  yIJIEKHUC-
Oplii  kucnHbld, (Xummeo, Poccus); TpudTOpyK-
cycHas kucinora (Biochem, ®panuus), docdar-

uawixonmuH coeBblii  (phosphatidylcholine soy, PC)
mapku Lipoid S100 (Lipoid GmbH, Tepmanus);
xonecrepu  (Chol)  (Sigma-Aldrich, Tepmanus);
muxiopmerad  (dichloromethane, DCM), xiopodopm
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(trichloromethane, TCM), Tomyon, STHIAIETaT, METPO-
neitnblit a¢up, metanon (MeOH) (Komnonenm-peaxkmus,
Poccus).

buc-N, N'-(mpem-0ytokcukapOoonuin)-L-iuctur (1),
O,0'-munasmMuTonI-auTanonamMud (2a) u O, O'-muMupH-
CTHUHOWJI-AMATaHONaMuH (2b), nurexcageumn-L-niryTta-
Mmar (9), aupenwn-L-tmyramar (11), Oouc-N,N'-(mpem-
OytokcukapOoonun)-L-opautun (Boc,Orn) Obuin moiry-
YeHbI 1o Metoaukam [12, 13].

CHeKTpsbI SIepHOTO MAarHuTHOro pesonanca (IMP) 'H
peructpuposai B aeiirepoxiopopopme (CDCly) (Solvex-D,
Poccusa) na SMP-cnextpomerpe Bruker WM-300
(Bruker BioSpin, I'epmanust) ¢ pabodueil dYacToTOH
300 MI'm. Macc-crieKTpbl BEHIECTB PETUCTPUPOBAIH
Ha BPEMSIMPOJICTHOM MAacC-CIIEKTPOMETPE BBICOKOTO
paspemenus Bruker Ultraflex II (Bruker Corporation,
I'epmanns), meton monu3armu MALDI (matrix-assisted
laser desorption/ionization), B KauecTBE MaTpHUIIbl HC-

MOJb30BaNIaCh  2,5-AUTHIPOKCUOCH30MHAS  KHCJIOTa
(Sigma-Aldrich, I'epmanus).
Kononounyto  xpomarorpaduio  OCYIIESCTBIISIIN

¢ ucnoip3oBaHueM cunukarens «Silica Gel 60» 63—
200 mxMm (ISOLAB Gmbh, Tepmanus) U Xpomarorpa-
¢dudeckoii xosoHku (Borosil, Poccus). [IpenapatuBHyto
ToHKOCHOMHYI0 Xxpomatorpaduio (TCX) mnpoBoau-
mi Ha cwmkarene «Silica 60» (Macherey-Nagel,
I'epmanus), HaHECEHHBIM Ha CTEKJISHHYIO IUIACTHHY.
Ananutndeckas TCX npoBoauiach Ha IUIaCTUHKAX
Sorbfil (MMHU]J], Poccust) u Silufol (Avalier, Yexus)
B CJICAYIOIIUX CHCTeMax pacTBoputeneit: (A) Tomyon/
stunanerat = 4 : 1; (b) Ttomyon/stunanerar = 2 : 1;
(B) TCM/MeOH = 10 : 1; (I') merponeitabiii 3¢up/
stwianerar = 4 : 1; (1) Tomyon/stunamerar =5 : 1.

Jst mposinenust nsiteH BemecTB Ha TCX xpoma-
TOrpaMMbl Horpyxanuch B 3%-i pacTBOp HUHIMIpPU-
Ha (Acros Organics, benbrus), a 3aTeM HarpeBajluCh
1o 100°C.

PacTBopuTenn yaansim Ha BAKYYMHOM POTOPHOM HC-
napureine RV 3 20-300 o6/mun (IKA, ['epmanmist).

Buc-N,N’'-(TpeT-6yTOKCUKAPOOHUN)-
L-umctuH-6uc-(0, 0’ -gunanbMmmtTonn-
anataHonamug) (3a)

K oxnaxagennomy g0 0°C pactBopy 0.250 r
(0.56 mmoib) coequuenus 1 B DCM no6asmsum 0.253 ¢
(1.23 mmons) DCC u 0.007 T (0.056 mmons) DMAP
B KaTaJuTHyeckoM konudectse. Yepe3 30 MuH noOaB-
s 0.650 T (1.1 mMmonb) 2a. CMech BbIIEPKHUBAIN
1 14 mpu 0°C, 24 49 ipu 25°C. Ocanok OoTHUIBTPOBHI-
BayH. PacTBOpUTENH yOaIsIM HA POTOPHOM HCIIApPHTE-
ne. IIpoayKT BBIAENSIN KOTOHOYHOM XpoMmarorpadueit
B cucteme (A). INomywgamu 0.414 1 (59.8%) coenmne-
Hus 3a, pakrop ynepxubanus R (A) 0.33.

'H SIMP cnekrp coenunenus 3a: 0.88 (12H, T,
J =67 T'u, CH,); 127 (96H, ¢, ~CH,); 1.43 (18H, c,
CCH,); 1.60 (8H, ¢, p-CH,); 2.26-2.33 (8H, w, 0-CH,);
3.01(4H, ym.c,CH,-S);3.47-3.90 (8H,m, CH,~CH,~0O);
420428 (8H, m, CH,CH,-O); 493 (H ym.c,
CH-CH,-S); 5.32-5.38 (2H, », CONHCHCO).

Buc-N,N’'-(TpeT-6yTOKCUKAPOOHUN)-
L-unctnH-ouc-(0,O'-pummnpucToun-
anataHonamug) (3b)

Peakmuro mpoBOAMIN aHAJIOTUYHO MOJTYYCHHIO COCIH-
Henust 3a. U3 0.183 r (0.416 mmonb) coenuHenus 1,
0.189 1 (0.915 mmonp) DCC u 0.005 r (0.042 MMoIB)
DMAP B kaTaqIuTH4YECKOM KoJandecTBe, a Take 0.460 r
(0.874 mmonb) coemunenus 2b momywanm 0.070 T
(11.6%) coemmuenus 3b. [IpogykT BEIIEISIN Mpenapa-
TUBHOI XpomaTorpadueil Ha IUIACTHHE C CHJIMKareieM
B cucreme (b). R, (b) 0.22.

'H SIMP cnektp coemunernus 3b: 0.88 (I12H, T,
J = 6.7 I'u, CHy); 1.28 (80H, ¢, -CH,-); 1.44 (18H, c,
CCH,); 1.55-1.7 (8H, m, B-CH,); 2.25-2.40 (8H, m,
a-CH,); 3.15 (4H, ymrc, CH,-S); 3.48-3.70 (8H, m,
CH,-CH,-0); 4.20-4.38 (8H, m, CH,~CH,-0); 5.78
(2H, yur.c, CONHCHCO).

L-umncTuH-6McC-
(0, 0'-punanbmMnTOMUN-
anataHonamua) (4a)

K 0.116 t (0.074 mMmomnb) coenuHeHus 3a a00aBisuIA
pactBop 1.1 M (14.8 MMOJIB) TPUPTOPYKCYCHON KHC-
notel B 3 Ma TCM. Yepes 2 4 pacTBOpHUTENb yAasin
Ha POTOPHOM HCIIApUTEIIE, 3aTEM PEaKIIMOHHYIO Maccy
pactBopsuin B TCM u npombiBanu 5%-M pacTBOPOM I'-
npokapOoHara HaTpust. OpraHHYeCKHid 0CTaTOK OT(MIIb-
TPOBBIBAJIN Ha CKJIag4aToM (puisTpe cMoueHHBIM TCM,
pactBoputenb yaamsum B Bakyyme. [lomywgamm 0.101 T
(99.8%) coenunenus 4a, R, (B) 0.55.

L-uncTtuH-6mc-
(O, 0'-pumupucTounn-
aunataHonamupg) (4b)

[Nomyuenne coemuueHnst 4b TPOBOAMIM aHAJIOTHYHO
coenunenuio 4a. 13 0.07 r (0.048 mmons) 3b nomy4n-
m 0.044 r nponykra 4b ¢ BexonoM 72%, R; (B) 0.33.
MALDI TOF (m/z): Beraucneno ais [C,oH,36N,0,S,] 2t
628.331, maiineno 628.326 [M+2H]*".

'H SIMP cnekrp coemunenus 4b: 0.88 (I12H, T,
J=6.7Tu, CHy); 1.26 (80H, ¢, -CH,-); 1.57-1.66 (8H,
M, B-CH,); 2.27-2.45 (8H, m, a-CH,); 3.30-3.72 (8H,
M, CH,~CH,-0); 4.10-4.30 (8H, m, CH,~CH,-0); 4.5
(4H, ym.c, CHNH,).
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N-[N%,N3-6uc-(rpeT-6yToKCUKapOOHMN)-
L-opuutun]-L-umnctnu-ouc-(0,0'-
aunanbMmutToun-gunataHonamupa) (5a)

K oxnaxnennomy no 0°C pacrtsopy Boc,Orn 0.068 r
(0.205 mmonp) B DCM npu nepememinBaHuu 100aB-
nsmu HBTU 0.081 r (0.213 mmons) u DIPEA 0.028 ¢
(0.213 mmounb) n nepememuBanu 30 MuH. 3aTem 110-
6aBnsimu 0.101 r (0.074 mmonb) coenuHeHus 4a.
[lanee mpomecc MpOBOAUIN aHAJIOTHYHO HOTYUCHHUIO
coenunaeHus 3a. [IpoAyKT BBIIEISUIN TIpErapaTuBHON
xpomarorpadueil Ha IJIACTHHE C CHIIMKArejIeM B CH-
creme (b). [Momyuanu 0.030 r (24%) coenuHenus Sa,
R (b) 0.6.

'H SIMP criexrp coenmuenus 5a: 0.88 (12H, 1,J/=6.7 T,
CH,); 1.25 (96H, ¢,—CH,-); 1.43 (18H, ¢, CCH,); 1.54-1.65
(8H, m, B-CH,); 2.26-2.34 (8H, M, 0-CH,); 2.95-3.06 (4H,
M, CH,-S); 3.4-3.9 (8H, m, CH,~CH,-0); 4.15-4.29 (8H,
M, CH,~CH,-0); 4.88-4.98 (2H, m, C-CH,-S); 5.30-5.38
(2H, v, CONHCHCO).

Buc-N,N’-[(6uc-N% N%-tpert-
6yToKkcukap6oHun)-L-opHntun]-
L-unctnH-6uc-(0,0’-gummnpucrouni-
anataHonamug) (6b)

AmnanornyHo nonydeHuto coeamnenus 3a, u3 0.020 r
(0.06 mmomb) Boc,Orn u 0.0315 r (0.025 mmons) co-
enuaenus 4b, momywamm 0.013 1 (28%) coennnenus 6b.
IIpoaykT BbLAESUIM MpemapaTuBHOW Xpomarorpadueit
B cucreme (1), R (I') 0.42.

'H SIMP cnekrp coemmnenus 6b: 0.88 (12H, T,
J = 6.7 I'u, CHy); 1.26 (80H, ¢, -CH,~); 1.42 (36H, c,
CCH,); 1.55-1.66 (8H, m, B-CH,); 2.26-2.37 (8H, m,
a-CH,); 3.05-3.14 (4H, m, CH,-S); 3.46-3.67 (8H,
M, CH,-CH,-0); 4.12-4.25 (8H, m, CH,-CH,-O);
4.60 (2H, ymc, CH-CH,-S); 5.00-5.04 (ZH, w,
CONHCHCO).

TpudTopauetat N-(L-opHuTtun)-
L-unctnH-6uc-(0,0’-gunanbMnTOU -
anataHonamug) (7a)

K 0.013 r (0.0078 MMoIb) coeMHEHUST 5a 00aBISIN
0.230 M (3.09 MMmonb) TpUDTOPYKCYCHOW KHCIOTHI
B 3 Mia DCM. Xoj peakuuu KOHTPOJUPOBAIU C MTOMO-
mpio TCX. TlepememmuBanu 1 4. [locne sToro ynamsmm
pacTBOpUTENb Ha POTOpHOM wucnapurene. [lomywann
0.010 r (75%) coenunenus 7a, R (B) 0.1. MALDI TOF
(m/z): Beramcneno musa [Cg H o (NO S,1" 1481.159,
Haiineno 1481.157 [M]".

'H SIMP cnekrp coenunenus 7a: 0.88 (12H, T,
J=6.7Tu, CHy); 1.26 (96H, ¢, -CH,-); 1.56-1.64 (8H,
M, B-CH,); 1.72-2.15 (4H, m, (Orm)-CH,); 2.26-2.34

(8H, m, a-CH,); 2.95-3.06 (4H, m, CH,-S); 3.5-3.68
(8H, m, CH,~CH,-0); 4.35-4.44 (8H, m, CH,-CH,-0);
4.45-4.56 (2H, m, CH-CH,-S); 7.93 (3H, ymc,
CH,NH,); 8.97 (6H, ym.c, C(O)CHNH,).

Tpudrtopauerart 6mc-N,N'-(L-opHutun)-
L-uncTtuH-6mc-(0, 0'-gumunpucTonn-
anaTtaHonamupa,) (8b)

Peakuuioo TpPOBOAMIN aHAJIOTMYHO TMOJIYYCHUIO CO-
equenus 7a. K 0.008 r (0.0042 mmons) coemu-
HeHuss 6b pobGasmanmu 0.126 mu (1.7 mmonw) Tpu-
¢ropykcycHoit kucnotel. llomywamum 0.005 r (71%)
coemunenust 8b, R (B) 0.1. MALDI TOF (m/z): BbI-
ancneno it [CgoH,sNgO,S,]*" 371.786, Haiineno
371.785 [M+4H]*.

'H SIMP cnektp coemmnenus 8b: 0.88 (12H, T,
J=6.7Tu, CHy); 1.26 (80H, ¢, -CH,-); 1.55-1.65 (8H,
M, B-CH,); 1.70-2.11 (8H, m, (Orn)-CH,-); 2.26-2.37
(8H, m, 0-CH,); 2.95-3.06 (4H, m, CH,-S); 3.52-3.68
(8H, m, CH,~CH,~-0); 4.35-4.44 (8H, m, CH,~CH,~0);
7.94 (6H, ym.c, CH,NH,); 9.12 (6H, ym.c, C(O)
CHNH,).

[N,N’'-6uc-(Tper-0yToKCMKapOOHUN)-
L-unctun]anrekcageunn-L-rnyramar (10)

AHajnoruyHo noayuyeHuro coexusenus 3a, uz 0.330 r
(0.75 mmonp) coequnaenus 1 u 0.350 r (0.60 MMos) co-
enunenus 9, nomyuanu 0.043 r (22%) coenunenus 10.
IIponyxr Bblmensin npenaparuBHod TCX B cucre-
me (A), R;(b) 0.8.

'H AMP cnekrp coeaunenus 10: 0.87 (6H, T,
J=6.7Tn, CHy); 1.3 (58H, ¢, CH,); 1.44-1.50 (18H,
M, CCH;); 1.6 (4H, ¢, B-CH,); 1.86-1.92 (4H, m,
a-CH,); 3.25 (2H, ¢, CH,-S); 3.67 (2H, 1, /= 6.5 'y,
CH,-S); 3.8 (1H, r, J = 6.5 T'u, C(O)-NH-Glu);
48 (2H ym.c, CH-CH,-S); 5.44-5.58 (2H, wm,
H,CCNH-CH(COOH)~-CH,).

[N,N’-0uc-(Tper-0yToKCMKapOOHUN)-
L-umctuH]lanrekcapeunn-L-rnyramar-
0,0'-pnnanbsMuToUN-AN3TUNaAMuH (12a)

AHanornyHo monydeHuto coenauHenus 3a, u3 0.032 r
(0.032 mmonb) coenuuenns 101 0.0191(0.032 mmorb) 2a
nomy4dain 0.040 r (77%) coenuuenns 12a. IIpogyKT BeI-
nensim npenaparuHoi TCX B cucreme (M), R (b) 0.9.
'"H AMP cnextp coenmmenns 12a: 0.91 (12H, T,
J=6.7Tu, CHy); 1.3 (106H, ¢, CH,); 1.41-1.47 (18H,
m, CCH,); 1.53 (8H, ¢, B-CH,); 1.6-1.7 (8H, M, a-CH,);
3.35(4H, nn, CH,~S~-); 3.65-3.76 (4H, ™, CH,~CH,-0);
4.10-4.20 (4H, m, CH,-CH,-O); 4.8 (ZH ym.c,
CH-CH,-S); 5.38-5.46 (2H, m, CONHCHCO).
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[N,N’'-6uc-(Tper-0yTOoOKCMKapOOHU)-
L-umctunun](purekcapeuun-L-rnyrtamar)-
(anpeunn-L-rnytamart) (12b)

AmnanornyHo mony4yeHuto coeaunenus 3a, u3 0.065 r
(0.064 mmomnp) 10 1 0.030 1 (0.064 mmonp) 11 nonyyanu
0.015 r (17%) coennnenus 12b, R, (b) 0.78.

'H SAMP cnextp coemunenus 12b: 0.88 (12H, T,
J=6.7Tn, CHy); 1.27 (90H, ¢, CH,); 1.44-1.47 (18H,
M, CCH,); 1.82 (8H, a1, O-CH,—CH,); 2.35-2.5 (8H, m,
O-CH,—CH,); 3.64 (4H, 1, J= 6.5 I'n, CH,-S); 4.78 (2H
ym.c, CH-CH,-S); 5.56-5.6 (4H, v, CONHCHCO).

TpudTopauertar L-uncrtmHun-
(anrekcapeuun-L-rnyramar)-
(0, 0'-punansmutounn-gunatTunamut) (13)

K 0.040 r (0.025 mmonb) coeaunenus 12a nob6asnsau
pactBop 1 mn (14.7 MMonb) TpU(DTOPYKCYCHOH KHC-
nmoTel B 3 M1 TCM. Yepes 2 4 pacTBOPUTENH YAAISIIHA
Ha poropHoM ucnaputene. [Tonyuunu 0.029 r npoayx-
ta 13 ¢ Beixonom 82%, R; (1) 0.9. MALDI TOF (m/z):
Borancieno s [CooH, 5,N,0,,S,1*" 690.751, Haiine-
HO 690.748 [M+2H]*".

'H SIMP cnekrp coenmmenus 13: 0.91 (I12H, T,
J = 6.7 I'm, CHy); 1.3 (106H, ¢, CH,); 1.53 (8H, c,
B-CH,); 1.64-1.72 (8H, ™, o-CH,); 3.35 (4H, mn,
CH,-S-); 3.60-3.73 (4H, m, CH,~CH,-0); 4.13-4.27
(4H, m, CH,~CH,~0); 4.8 (2H ym.c, CH-CH,-S); 6.91
(6H, yur.c, CHNH,).

TpudTopauertar L-uncrmHun-
(auwrekcapeuun-L-rnyramar)-
(anpeunn-L-rnytamar) (14)

[Monyuenne coenuHeHus 14 TPOBOIHMIM AHAIOTHYHO
coequnenuto 13. 13 0.015 r (0.011 mmons) 12b momny-
anin 0.007 r nponykra 14 ¢ Bexomom 50%, R (b) 0.8.
MALDITOF (m/z): Bbrancneno ais [CgH 5,N 4OIOSZ]2+
614.716, naiineno 614.719 [M+2H]*".

'H SIMP cnektp coenmmenns 14: 0.92 (I12H, T,
J = 6.7 I'u, CHy); 1.27 (80H, m, CH,); 1.77 (8H, mx,
O-CH,~CH,); 2.04-2.08 (8H, ™, O-CH,-CH,);
2.3-2.35 (8H, m, (Glu)-CH,); 3.07-3.15 (2H, M, NH);
4.05-4.12(4H,m,CH-CH,-S);4.48 (2H,m, CONHCHCO);
4.6 (6H, yui.c, CHNH,); 4.78 (2H yur.c, CH-CH,-S).

Buc-[N,N'-pn-(TpeT-6yTOoKCUKaApPOGOHNN)-
L-opHutun]-L-umctuHun-(ourekcageuun-
L-rnytamar)-(anaeunn-L-rnyrtamart) (15)

Coenunenue 14 B komuuectse 0.007 mr (0.0053 mmons)
pactBopsiii B TCM u npomsbiBanu 5%-M pacTBOpOM
rugpokapOoHara Harpus. OpraHmdecKHid — OCTaTOK

OT(IIBTPOBHIBATIM HA CKJIAMIATOM (PHUIBTPE, CMOYCHHOM
TCM. Jlanee aHaIOTHYHO TIONYYCHHUIO COEIMHEHUS 3a
nobasis 4.2 1 (0.012 mmons) Boc,Orn u nonyyanu
0.002 r (70%) coenuuenus 15. [IpoayKT BBIACTSIIN Tpe-
napaTHBHO# Xpomarorpadueii B cucteme (), R (/1) 0.38.

'H AMP cnextp coemumenus 15: 0.9 (12H, T,
J = 6.7 I'u, CH,); 1.27 (84H, m, CH,); 1.3-1.5 (36H,
M, CCHy); 1.65-1.75 (16H, m, CH,); 1.77 (8H, nn,
O-CH,-CH,); 2.04-2.08 (8H, M, O-CH,-CH,);
3.07-3.15 (6H, m, NH); 4.05-4.12 (4H, m, CH-CH,-S);
4.78 (2H ym.c, CH-CH,-S).

Tpudrtopauerart 6mc-N,N'-(L-opHutun)-
L-unctuH-pgurekcageuun-L-rnyramar-
anpeuun-L-rnyramar (16)

Peaknnio TpoBOAMIM aHAJOTMYHO MOJYYCHHIO CO-
emunenus 7a. K 0.002 r (0.0011 mmonsb) coemu-
HeHnusi 15 pgoGaBmsum 1.5 ma (0.026 monb) Tpu-
¢ropykcycuoit kucnothl. Ilomywamun 0.004 r (70%)
coemunenus 16, R (1) 0.1. MALDI TOF (m/z): BbI-
YUCIEHO IS [C78H153N801282]3+ 487.317, HalineHO
487.313 [M+3H]*".

'H SIMP cnektp coequnaenust 16: 0.9 (12H, 1,J=6.7 ',
CH,); 1.27 (84H, m, CH,); 1.51-1.60 (16H, m, CH,);
1.65-1.81 (8H, m, (Om)-CH,~); 1.94 (8H, 11, O-CH,~CH,);
2.14-221 (8H, M, O-CH,-CH,); 4.04-4.13 (4H, W,
CH-CH,-S); 4.78 (2H ym.c, CH-CH,-S); 7.84 (6H, ym.c,
CH,NH,); 8.36 (6H, ynr.c, C(O)CHNH,).

MpurortoBneHne IMNOCOMasbHbIX
aucnepcun

CuHTe3upoBaHHbIE BelllecTBa B kKoiuuectse 5 mr, PC 5 mMr
u Chol 3 mr pactBopsuin B cMecu TCM/MeOH = 5 : 1.
PacTBopuTeN MEIIEHHO OTTOHSIM Ha POTOPHOM HCIa-
purene npu temneparype 30°C u 30 o6/mMuH 10 0b6pa-
30BaHUS TOHKOW IICHKH, CYIIIIIN B BaKyyMe B TCUCHHE
30 muH. [IneHKH THApAaTHPOBATU AUCTUILIMPOBAHHOMN
Bosoi B TeyeHue 30 MUH IpU NMEpEeMEIIMBAHUM, a 3a-
TeM 00pabaThIBAIN B YIBTPA3BYKOBOW BaHHE B TCUCHHE
30 muH npu remneparype 60°C. Ilomyyanu aunocomanb-
HBIC TUCIEPCUU C KOHILCHTpaIel aMmpuduios 2 mr/mi.

Pacripenenenne nUIocoManbHBIX YacTHI[ 110 pa3Me-
paM OLCHUBAIM METOIOM (OTOHHO-KOPPEIAIIUOHHON
CIIEKTPOCKOIIMH, OCHOBAHHOM Ha MPUHIIUTIAX THHAMUYC-
ckoro paccesiHus ceeta (DLS). M3mepenus cpenHero aua-
MeTpa JacTHIl i {-TIOTeHINajIa TIPOBOAMINCE Ha IpUdope
DelsaNano C (Beckman Coulter, CIA). Kaxnoe namepe-
HHE ITPOBOIIIIOCH O TpH pasa. [lomydenHsie Koppensmm-
OHHBIC (PDYHKIUH OBUIH IPOAHATN3UPOBAHBI C TIOMOIIBIO
nporpaMmuoro obecrieuenust Delsa NanoUi Software Bep-
cum 2.73, npwitaraemoro K npubopy (Beckman Coulter,
CLIA, https://www.beckmancoulter.com).
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Ha OCHOBE IMNONENTUA0B HePEryISPHOro CTPOEHUS B KQYECTBE MOTEHLMaSIbHbIX KOMMOHEHTOB KATUOHHbIX IMMNOCOM

T.A. BonogmH
n op.

PE3YJIbTATbl U UX OBCYXAEHUE

B nanHo#l pabore pa3paboTaHbl CXeMbl M OCYIIECT-
BJICH CHHTE3 CEpPHHM HOBBIX JHUMEPHBIX KATHOHHBIX
JIMIIONENTHUIOB HEPETYISPHOI0 CTPOEHHS Ha OCHOBE
L-tmuctuna (cxems! 1 u 2).

[pucoenuuenue ruapododHOro Grioka k Boc-3amnmien-
HOMY L-mmcTHHY npoBOmMIHM KapOOAMHMHUIHBEIM Me-
togoM. Ilponyktel 3a—b Bbiensanu xpomarorpadueit
Ha CWJIHMKareje, CTPYKTYpbl MOITBEPXKIAIN JaHHBIMHU

NHBoc

S-S
HO
o) BocHN

OH 1
DCC,DMAP
—>

BocHN

DC
H 1
N O

3a-b 3a59.8%

'H AMP cnextpockonuu. B 'H SIMP cnekrpax coenu-
HeHuid 3a—b HaOmomamu xapakTepHbIC CUTHAIBI MPO-
TOHOB METHJIbHOHU rpynnbl (0.88 M.J.), METHIEHOBBIX
3BEHBEB YIIIEBOJOPOAHBIX IEMeH >KUPHBIX KHUCIOT U
MPOTOHOB METWJIBHBIX TPYII mpem-0yTOKCUKap0o-
HUWJIbHOU 3amuThl (1.4 M.11.).

Huskuii Beixoq coemqunenuss 3b (11.6%) cBsizan
C TPYAHOCTSIMH €TO BBEIICIICHHS M3 PEaKIMOHHOW CMe-
CH METOZIOM KOJIOHOYHOH Xpomartorpaduu u3-3a HEO-
KUJAHHO HHU3KOH Xpomarorpauyeckoil MOABMKHOCTH
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Cxema 1. CuHTe3 TUMEpHBIX aM(OUPUIOB C CHMMETPUYHBIM THAPO(HOOHBIM OIIOKOM

Scheme 1. Synthesis of dimeric amphiphiles with a symmetrical hydrophobic block
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Cxema 2. CuHTe3 IUMEpHBIX aM(pU(UIOB C ACHMMETPUYHBIM THAPO(OOHBIM OJIOKOM

Scheme 2. Synthesis of dimeric amphiphiles with an asymmetric hydrophobic block

o cpaBHeHHIO ¢ coenuHenneM 3a. Coemunenuie 3b yna-
JIOCh BBIIEIUTH TOJIBKO C IIOMOLLbIO IpenaparuBHoi TCX.

Coennnenus 4a—b, 13 u 14 nonyyanu ynajneHnem 3a-
IIUTHBIX TPYHN JACUCTBUEM TPU(PTOPYKCYCHON KHCIOTHI

B DCM c¢ nocnenyromei 00paboTkoil TpruTOpareTaToB
5%-M pacTBOpoM rujpoxapbonara Harpus. B 'H IMP
CIIEKTpax IONyYCHHBIX COCANHEHUH HAOIIOmaIN HCUes-
HOBCHHE CHTHAJIA, COOTBETCTBYIOIIETo Boc-3ammTHBIM
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Puc. 1. MALDI TOF macc-criektpsl coenuHenuii 7a (a) u 16 (b)

Fig. 1. MALDI TOF mass spectra of compounds 7a (a) and 16 (b)

rpynmaM. 3ateM K coenuHeHnsM 4a—b u 14 npucoenuas-
n1 Boc,Om.

ITpu ucnons3osanun DCC u DMAP pearentoB [uis
coemmaeHnii 4b u 14, peakiioHHas Macca cozep)Kana
MPEUMYILECTBEHHO MPOAYKTHl 6b u 15 ¢ aByms Moneky-
namu L-OpHUTHHA, TIPHCOETMHEHHBIMH K aMHUHOTIPYIIIaM
L-micruna. JlerictBrue Boc,Omn B NpUCYTCTBUN PEarcHIOB
DCC u DMAP Ha coennneHue 4a He PUBEIIO K MOIYYEHUI0
uenesoro aumepa 6a. I1pu ncnonszoanun HBTU u DIPEA
B PEAKLMH C ydacTHeM 4a, MU TeX e COOTHOLIEHUAX pea-
TEeHTOB, 00PA30BBIBAJICS MPOAYKT S5a, coneprkalyii B THAPO-
¢rpHOM OJOKEe OfHY MoMneKyny L-opHuTina. Bo3morkHo,
BBICOKAsl THIPOPOOHOCTh YeThIpex Iienelt ymHoi 16 aro-
MOB yIiiepoJia co3ziaeT Oapbep JUisl B3aUMOJACHCTBUS aMHU-
HOTPYTII ¢ aKTUBUPOBaHHON KapOOKCHUITBHON KOMITOHEHTOM.

[Iponyxrer 5-6, 10, 12a—b u 15 Beigensm npenapa-
tuBHOI TCX Ha cunukarene. CTpyKTypy 9TUX COEIUHE-
HUN TOATBEPKIANIN JaHHBIMU 'H IMP CIIEKTPOCKOIIHH.

Ta6auna. Pesynsrars! H3MepeHHs AnaMeTpa 4acTull U (-IIoTeHIrata

Table. Particle diameter and { potential measurement results

B criexTpax Habmonany mosBIEHIE CUTHAIOB IIPOTOHOB,
COOTBETCTBYIOLINX Boc-3alMTHRIM TpyIIIaM, yIiaeBoao-
POJHOMY CKeJIeTy OPHHTHHA, & TAK)KE MPOTOHOB METTH/I-
HBIX CBsI3ei (OKOJIO 5 M.1T.).

Koneunsle nponyktsl 7a, 8b 1 15 nomyyanu ynaneHueMm
3aIIUTHBIX TPYHI ACHCTBHEM TPU(PTOPYKCYCHON KHUCITOTHI
B DCM. B macc-criekTpax mojy4eHHbIX COSANHEHNH TTPH-
CYTCTBOBAJIM IIUKH MOJIEKYJISIPHBIX HOHOB (puc. 1).

MeTonoM ruaparanuyd TOHKOM IJIEHKW W3 COEIH-
Henuit 7a, 8b, 14 u 16, TpudropaneratHpx coyeit co-
enunenuit 4b u 13, coeBoro docdarnamixomuna (PC)
u xonectepuna (Chol) mpUTOTOBIIEHBI JTUIOCOMATbHbIC
mucriepcud. JIsl BceX IUIGHOK OBUTO BBIOpaHO Mac-
COBOE COOTHOILIEHHE — CHHTE3UPOBAHHOE COEAMHE-
nue : PC: Chol=5:5:3[14].

st momydennbIx aucnepceuii meronom DLS onpene-
JIeH CpeAHUHN THAPOAMHAMUYECKH pa3Mep NOITyYSHHBIX
yactull (puc. 2). Pe3ynprarsl mpeacTaBIeHbl B TaOIUIIE.

CucremMa KOMIIOHEHTOB JlnameTp MoJTy4EeHHBIX YaCTHUIl, HM VIHEKC TOMUANCIIEPCHOCTH (-norenuuai, MB
System of components Diameter of the obtained particles, nm Polydispersity index { potential, mV
4b—PC—Chol 43+8 0.313+0.03 +51+5
7a—PC—Chol 72+£13 0.297 £0.03 +82+ 12
8b—PC—Chol 81+ 17 0.241 +0.02 +62+9
13-PC—Chol 80 £ 56 0.301 +£0.03 +51+8
14-PC—Chol 93 £ 66 0.245+0.02 +46+ 5
16-PC—Chol 157 +£72 0.306 +0.03 +38+6
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Puc. 2. l'unpoauHaMIYecKie AUaMETPhI JIUITOCOMAIbHBIX YACTUI] HA OCHOBE coequHeHmid 4b, 7a, 8b, 13, 14 u 16

Fig. 2. Hydrodynamic diameters of liposomal particles based on compounds 4b, 7a, 8b, 13, 14, and 16

[Tony4yeHHbI CpeqHUN AUaMETp YACTHI] BXOJIUT B UH-
tepBai ot 50 10 200 HM, KOTOPBIH SBISETCS ONTUMAITb-
HBIM JUIsl CO3JaHMs TPAHCIOPTHBIX cucTeM. biaromaps
s dexTy ymydlIeHHOW TPOHHUIIAEMOCTH M yAEp>KaHUs
3a cuer Oosbpmiedl mepdopaluy COCyI0B, ITOCTHTACT-
Csl TIOBBIILIEHHOE HAKOIUIEHHWE TAKHUX JIMIIOCOMAJIbHBIX
CPEJCTB JIOCTaBKH B MOPAKEHHOM y4YacTKe 1O CpaBHe-
HHUIO cO 370poBbIMU TKaHsMmu [15, 16]. [lokazano, 4to
CHUHTE3UPOBAHHBIC CHMMETPUYHBIC TUMEPHBIC aMpudu-
76l 00PA3yIOT JTUIIOCOMAIIbHBIE IUCTIEPCUU C MEHBIIUM
IUaMETPOM 4YacTHIl, YeM aCHMMETPHYHBIC aHAaJIOTH.
Coenunenus 4b, 7a u 8b, umes: cuMMETPUYHBII THIIPO-
¢ oOHBIN 010K, 00Pa30BHIBAIN JTUOCOMAJIBHBIC YaCTH-
Il MEHBIIIETO JHaMETpa, YeM Y aHAJIIOTHYHBIX aCHMMe-
TpuuHbIX coeaunenuit 13, 14 u 16 (43-80 uM npotus
80-160 uM™M). CummerpuuHbele amuduiIbsl 00pasyoT
JIUITOCOMBI MEHBINIETO pa3Mepa, 4eM acHMMETPHUHEIC,
BEPOSTHO, B CBSI3H C TEM, UTO alU(PaTHICCKUE TSI TIep-
BBIX yIaKoBaHbI B OM-CJIO€ TUIOTHEE 3a cueT THapodo0-
HBIX B3aUMOJICUCTBUH, YTO TIPUBOJUT K (POPMUPOBAHHIO
0oJree KOMIIAKTHBIX arperaros.

s chopMHpPOBAHHBIX JTUCTIEPCHIA  OINPEICIICHBI
3Ha4YeHUs1 (-TIOTEHIIMAala, KOTOPhIe HAXOAWJIHMCh B JHa-
ma3one oT +38 mo +82 MB. Takue BBICOKHE 3HAUECHHS
0OYCJIOBJICHBI HAMYWEM HECKOJIBKHX TOJIOKUTEIBHO
3apsHKEHHBIX TPYI B MoJieKysax aMmpuduios, kotopsie
MOTYT 00€CTIeYUTh CTA0OWIBHOCTD U 3(h(HEKTHBHOE KOM-
TUIEKCOOOpa30BaHKE JIMTTOCOMAILHBIX YaCTHUII C HYKJICH-
HOBOM KHCIIOTOH 3a CYET AIIEKTPOCTATHUECKUX B3aMMO-
JIeUCTBUH.

ITo cpaBHEHHIO C TOXOKUMH COCTUHEHUSMH TIOITY-
YeHHBIC aMUPUPUIBI 00pa3yrOT arperarbl MEHBIIETO
pasMepa ¢ 6oJiee BHICOKOH MIOTHOCTHIO MIOBEPXHOCTHO-
TO 3apsja, YTO MOXKET O0ECIEUHTD JIYUIITyI0 KOMIIaKTH-
3aIMI0 HYKJIEMHOBBIX KUCIIOT B Junorekce [10].

SAKJTIOYEHUE

B pesynbrare nponenanHoil paboTel pazpaboraHa cxe-
Ma TIOJYYEeHHsI U OCYIIECTBIICH CHHTE3 JUMEPHBIX JHU-
MIOTIENITHIOB HEPETYIISIPHOTO cTpoeHHs. V3yueHs! puzn-
KO-XMMHYECKHE CBOMCTBA BOJHBIX TUCTIEPCUI Ha OCHOBE
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CYIMMETPUYHbIE Y aCUMMETPUYHbIE AMMEPHbIE KaTUOHHbIE aMbudusb

T.A. BonogmH

Ha OCHOBE InNonNenTnaoB HEePEryJgapHoOro CTpoeHusa B ka4ecTBe NnoTeHUMasibHbIX KOMMOHEHTOB KATUOHHbLIX JIMMOCOM nnaop.

CHHTE3MPOBAHHBIX COCAMHEHHUH. AMOUPIIBI B CMECH
¢ bocharuaunxonuHOM 1 X0necTepuHOM (HOPMUPOBATTH
JMIIOCOMAJIBHBIE YacTHIBI CO CPEJHHM JHAMETPOM OT
50 no 200 aM. I[TokazaHo BIUSHHE CTPYKTYPHI aMpupu-
JIOB Ha pa3Mep IOIy4aeMbIX arperaroB. YCTaHOBIEHO,
YTO0 HauOoJiee 3HAYMMBIM I1apaMeTPOM, BIUSIONIMM Ha
pasMep JacTHII, SBJISIETCS YUCIO0 OCTATKOB L-opHUTHHA
(0, 1, 2) B cocTaBe L1EeNEBBIX MPOTYKTOB.

bnarogapHocTu

PaboTa BBINIOTHEHA ¢ WCIONB30BAaHUEM O0OPYIOBAHHS
Ilentpa koyutekTHBHOTO TmoOsb3oBanus PTY MUPDA
IpH MoAIepKKe MUHHUCTEpCTBA HAyKH U BBICIIET0 00pa-
30BaHus Poccuiickoit denepannn B paMKax CONNIAIICHUS
Ne 075-15-2021-689 ot 01.09.2021 1.
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Abstract

Objectives. This study aims to investigate the kinetics and thermodynamics of furfural extraction from sweet potato peels using
dichloromethane (CH,Cl,) as a solvent and sulfuric acid as a catalyst. To that end, we set out to determine the kinetic parameters
for furfural production using first- and second-order models, optimize the extraction temperature, and evaluate the thermodynamic
properties of the reaction.

Methods. Potato peels, selected for their high hemicellulose content, cost-effectiveness, and sustainability, were processed with
dichloromethane, selected for its safety, low energy requirements, and compatibility with green extraction processes. Experimental
conditions involved varying temperatures (60, 70, and 80°C) and peel powder particle sizes (<5 mm), with the reaction being monitored
to fit kinetic models and calculate thermodynamic properties.

Results. Experimental findings revealed that the first-order kinetic model provided the best fit, with an activation energy (E.)
of 85.99 kJ/mol. Thermodynamic analysis showed an enthalpy change (AH) of 83.14 kJ/mol, entropy change (AS) of —86.08 J/(mol-K),
and Gibbs free energy (AG) values ranging from 111.80 to 112.66 kJ/mol across the studied temperatures. Optimal extraction conditions
were achieved at 80°C, yielding the highest furfural concentration through acid-catalyzed hydrolysis. The energy-intensive yet controlled
nature of the reaction highlights the need for further optimization.

Conclusions. This study demonstrates the effectiveness of dichloromethane as a solvent for furfural extraction from sweet potato peels
under optimized conditions. The kinetic and thermodynamic findings elucidate the reaction mechanism and its industrial applicability.
Future studies should focus on simulating furfural separation from ternary solvent systems using Aspen Plus to enhance sustainability
and scalability.

454 © A.M. Abubakar, I.T. Umar, A.-G.M. Akintunde, M.J. Aliyu, M. Al-Hedrewy, U. Raheja, 2025


https://doi.org/10.32362/2410-6593-2025-20-5-454-473
https://elibrary.ru/NYBHED
mailto:abdulhalim@mau.edu.ng

Dichloromethane solvent for furfural recovery from potato peels: Abdulhalim Musa Abubakar,
Thermodynamic and kinetic investigations etal.

Submitted: 13.01.2025
Revised: 17.03.2025
Accepted: 03.09.2025

Keywords
furfural extraction, dichloromethane, potato peels, extraction kinetics, Eyring—Polanyi model

For citation

Abubakar A.M., Umar L.T., Akintunde A.-G.M., Aliyu M.J., Al-Hedrewy M., Raheja U. Dichloromethane solvent for furfural recovery
from potato peels: Thermodynamic and kinetic investigations. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2025;20(5):454-473.
https://doi.org/10.32362/2410-6593-2025-20-5-454-473

HAYYHAA CTATb4

IkcTpakuna dypdypona na kaptodesnbHON Lesyxm
C NMOMOLLBIO AUXJIOPMETaHa: TepMOAUHaAMMKA
M KMHEeTUuKa

Abdulhalim Musa Abubakar!*, Iyisikwe Tanimu Umar!, Abass-Giwa Muhammed Akintunde?,
Muhammad Jimada Aliyu’, Marwea Al-Hedrewy*>, Uday Raheja®

! Department of Chemical Engineering, Faculty of Engineering, Modibbo Adama University, PM.B. 2076, Yola,
Adamawa State, Nigeria

2 Department of Chemical Engineering, Faculty of Engineering, University of Maiduguri, PM.B. 1069, Bama Road,
Maiduguri, Borno State, Nigeria

3 Chemical Engineering Department, School of Infrastructure, Process Engineering and Technology, Federal University
of Technology, Minna, Niger State, Nigeria

4 College of Technical Engineering, the Islamic University, Najaf, Iraq
3 College of Technical Engineering, the Islamic University of Al Diwaniyah, Al Diwaniyah, Iraq

6 Center for Research Impact & Qutcome, Chitkara University Institute of Engineering and Technology (CUIET),
Chitkara University, Rajpura, 140401, Punjab, India

™ demop ons nepenucku, e-mail: abdulhalim@mau.edu.ng

AHHOTaUus

Hesn. Ienpio TaHHOTO UCCICA0BAHUS SBJIACTCS U3yUCHHE KHHETUKH M TEPMOANHAMUKH SKCTpakuuu Gpypdyposa u3 KoKypsbl CIaIKOro
kapTodens ¢ ucnonb3opanneM auxinopmerana (CH,Cl,) B kauecTBe pacTBOPHUTENS U CEPHOM KUCIIOTHI B Ka4eCTBE Karanusaropa. Jlins
9TOrO OBUIO PELICHO ONPEACIUTh KHHETHYECKHE TapaMeTpbl MPOU3BoACTBa Qypdyposia, HCIIONb3Yysh MOJIEIH TIEPBOTO U BTOPOTO MOPSi/I-
Ka, ONITUMHU3UPOBATH TEMIEPATypy SKCTPAKLHU U OLEHUTh TEPMOJMHAMUYCCKUE CBOWCTBA PEAKIIMH.

Mertonnl. KaprodenbHas koxypa Obuta BeiOpaHa it SKeTpakiuu Gypdyposa u3-3a BHICOKOTO COlEp)KaHMsI B HEW TeMHIICIUTIONO3bI,
HKOHOMHYHOCTH M KOJIOTHYHOCTH. B KadecTBe pacTBOpHTENst ObLI BHIOpaH AUXJIOpMETaH Oiarozapst ero 6e30macHOCTH, HU3KOM SHep-
TOEMKOCTH ¥ COBMECTUMOCTH C 3KOJIOTHYECKH YHCTBIMH MPOLECCAMH HKCTPAKIMHU. YCIOBHS HKCIIEPUMEHTA BKIIIOYAIN BAPbHPOBAHUE
temneparyp (60, 70 u 80°C) u pazmepoB yacTuil opomurka (<5 mm). B mporecce sxcrepuMenTa oCyIIeCcTBIISIICS KOHTPOJIb Ha COOTBET-
CTBHUE PEAKIMH KHHETHYECKHM MOJIEIISAM U PacyeT TEPMOANHAMUYECKUX XapaKTEPHUCTHK.

PesyabraTbl. DKCIepUMEHTANIbHBIE PE3yJIbTaThl MOKA3alM, YTO KMHETHYECKas MOJEJb IIEPBOro MOpsKa JIydlle OIMCHIBACT pe-
akuuio, sHeprus aktuBauuu (E,) paBHa 85.99 xJIx/monb. TepMoauMHAMHUCCKUN aHAIM3 MOKa3al H3MCHEHHE SHTambiuu (AH)
Ha 83.14 kJ[x/monb, usmenenue sutponun (AS) Ha —86.08 Jx/(Monb-K), a cBoboaHas sneprus ['n66ca (AG) Bappuposanacsk ot 111.80
10 112.66 x/Ix/Moinb B 3aBUCHMOCTH OT BbIOpaHHBIX TeMmeparyp. [Ipu Temneparype 80°C ObliIM JOCTUTHYTHI OITUMAJIbHBIC YCIOBUS
9KCTPAKLHH, U MOJy4YeHa Hanbosiee BhICOKash KOHLIEHTpaLuio Gypdypoia METOIOM THIPOJIH3a C UCIIOIb30BAHUEM CEPHON KHCIIOTHI
B KaueCTBe KaTaju3aTopa. Peakius uMeer SHeproeMKHid, HO KOHTPOJIMPYEMbIil XapakTep, YTO TOBOPHUT O HEOOXOAMMOCTH JalbHEeMHIIeH
ONTHUMU3ALMU TIpoLecca.

BeiBonbl. VccnenoBanue npoieMOHCTPUPOBAIIO 3 (HEKTHBHOCTh TUXJIOPMETAHA B KAYECTBE PACTBOPUTEIIS s SKCTpakiuu Gpypdypona
U3 KOXKYPBI CIIQJIKOTO KapToQelis MPpU ONTUMAIbHBIX yCIOBUsAX. KHHETHYeCKHe U TePMOITUHAMUYCCKUE PE3yIbTaThl MPOSICHSIIOT MeXa-
HU3M PEaKIUU U 000CHOBBIBAIOT €€ MPOMBIIIICHHOE MPUMEHEHHE. Byayne uccnenoBanus J0KHbI OBITh COCPEIOTOYCHBI HA MOJICIH-
poBaHuK BbIIeNeHNS Gypdypoiia U3 TPOMHBIX CHCTEM PAcTBOPHTEINEH ¢ MCmoab3oBaHueM Aspen Plus Juist MOBBIIEHHS YCTOWYHBOCTH
Y MacIITabupyeMOCTH.
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INTRODUCTION

Furfural (or furan-2-carbaldehyde, CsH,0,)
is a colorless or yellowish aromatic aldehyde with a furan
ring (a 5S-membered aromatic ring containing 1 oxygen
atom) and an aldehyde group (-CHO) attached to the
2-position of the furan ring [1, 2]. It finds application
in diverse areas, including oil and gas (such as, jet
fuel blend stocks), petroleum refining (as a solvent),
medicine (e.g., for creation of tuberculosis remedies,
as well as antimicrobial, antibiotic, or antifungal agents),
agriculture (as a fertilizer, insecticide, nematicide,
fungicide or herbicide), food science technology (e.g.,
flavoring agent), pharmaceuticals, plastic (synthetic
fibers and phenolic resins), milling (grinding and abrasive
wheels), detergents, cosmetics, rubber, nylon, polymer
(as a polyurethane-polyurea copolymer), construction,
metal coatings, biofuel and chemical production (pyrrole,
pyrrolidine, lysine, lubricants, adhesives, dihydropyran,
furan, furfuryl alcohol, tetrahydrofuran, furoic acid, and
methyltetrahydrofuran) [3—7]. The precursors of furfural
are the arabinan, xylan, and pentosan components derived
from agricultural waste rich in hemicellulose and other
lignocellulosic materials [8, 9], such as sawdust, rice
straw, cotton seed hull bran, flax shives, hazelnut shells,
spruce wood, beech wood, pine wood, Douglas-fir wood,
poplar, corn stover, oat hulls, sunflower hull, cotton husk,
almond shells, corncob, barley hull, sorghum straw, and
sugarcane bagasse [10—12]. In [13], Clauser et al. used
the technology of steam explosion pretreatment of pine

Table 1. Biomass employed previously for the extraction of furfural

sawdust and evaluated the economic, mass, and energy
balances involved in furfural recovery from a jacketed
batch reactor. Ideally, hemicellulose hydrolysis releases
pentoses (e.g., xylose), which are capable of dehydrating
under acidic conditions to form furfural [14, 15]. The
examples include the stripping of furfural from pentosan-
rich corncob by Agirrezabal-Telleria ef al. [16] and rice
husk by Nunez et al. [17]. The list of catalysts includes
superheated water [18], ionic liquids [19, 20], metallic
oxides [11], chlorides (e.g., AICl,, FeCl,, NaCl, CaCl,,
MgCl,, SnCl,, and CuCl,) [21, 22], enzyme [23],
silicoaluminophosphate  (e.g., SAPO-44)  [24],
p-TsOH [25], y-alumina (y-Al,O5) [15], HZSM-5
zeolite [26], H-B-zeolite [27], betaine [28], formic
acid [29], acetic acid [30], maleic acid [31], hydrochloric
acid [32], sulfuric acid [33, 34], phosphoric acid [35],
hectorites, fluorohectorites [36], Lewis and Brensted
acid [37, 38]. These are employed via hydrothermal [39]
or other processes, as shown in Table 1. Ji et al. [25] and
Weidener ef al. [35] proposed a novel recycling scheme
asasustainable and economically feasible way of utilizing
mineral acid catalyst to reduce costs and environmental
intoxication, as possible solutions to the challenges
highlighted in Zhang et al. [40], Yong et al. [41], and
Muryanto et al. [42]. The scheme of the aforementioned
authors can be extended to extraction projects employing
acid solvents as reported by Lee and Wu [43] (see
Table 1), despite the need to exercise caution when
applying deep eutectic solvents (DES) as mentioned
in [44].

Method Solvent Raw material Reaction/Extraction parameters Author

Th hemical Temp. = 240-280°C; reaction time = 1-30 min;

ermoenenical process Superecritical ethanol Oil palm biomass solid loading = 0.4-0.8 g; [7]
(supercritical conditions) . .

alcohol/acid ratios=1:1and 1 : 2
Suberitical . Subcritical ethanol Oil palm frond Temp. =230 .C; reac.t 10n_t1me =20 min; [45]
thermochemical process solid loading=1g
Hydrolysate dehydration Sulfuric acid Dried oil palm Temp. = 198°C and reaction time = 11 min [46]
yaroly Y u empty fruit bunch p:
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Table 1. Continued
Method Solvent Raw material Reaction/Extraction parameters Author
P . Methyl isobutyl ketone | Oil palm empty _ 1n<o L .
Liquid-liquid extraction (MIBK) fruit bunch Temp. = 105°C and reaction time = 30 min [47]
Acid hydrolysis followed L Oil palm empty C . o)
by dehydration Sulfuric acid fruit bunch Reaction time = 90 min and 15% acid [48]
. . . . Temp. =110, 130, and 170°C;
Steam explosion Sulfuric acid Oil palm trunk reaction time =2 and 3 h [49]
. Wheat straw
Non-isothermal - and Eucalyptus Temp. = 220°C [6]
autohydrolysis
globulus
Microwave-assisted pH 0.22 or 1.77; temp. = 146 or 195°C;
Hydrochloric acid Wheat straw L : S ratios = 84 or 90 mL/g; [32]
process . . _ ;
residence times = 31 or 34 min
Microwave irradiations MIBK Wheat straw Reaction time = 1-2 h and temp. = 120-150°C [28]
. Eucalyptus Aano . .
Isothermal autohydrolysis - Temp. =220°C and reaction time = 60 min [50]
globulus
. . Eucalyptus Medium operation time = 15 min;
Acid hydrolysis a globulus low temperature = 170°C; pH 2 (311
Il:/i;izc;\:ave-ass1sted Sulfuric acid Olive stone Temp. = 200°C and the addition of 0.1 M FeCl, [52]
Dilute-acid hydrolysis Sulfuric acid Olive stone Temp. < 40°C and reaction time < 120 s [34]
Distillation and Algae and Temp. = 30°C, pressure = 4 bar, time = § h,
. . . Butanol . [23]
transesterification reaction switchgrass and water amount =0 g
Non-lsothermal MIBK Birch (Betula alba) Temp. = 170°C and reaction time = 60 min [53]
autohydrolysis wood
Acid hydrolysis Sulfuric acid Birch wood Biomass pretreatment time = 90 min [9]
Acid hydrolysis Sulfuric acid Birch wood Temp. = 147°C and reaction time = 90 min [54], [55]
In-vitro Fungi metabolism Cellulose garbage H 5.5 and incubation time = 14 days [5]
spectrophotometric assays & garbag P Y
. Southern
Autohydrolysis and . Temp. = 177-189°C
separation Chloroform Ca“afl (Tp {m and reaction time = 30-45 min [56]
domingensis)
Pistachio ereen Reaction temp. = 152-272°C,;
Acid hydrolysis Sulfuric acid & acid concentration = 0.5-4.0 mol/L; [57]
hulls L
reaction time = 30-600 s
. . MIBK-water biphasic 10% KOH solution
Enzymatic hydrolysis system Corn bran and aqueous ethanol solution = 40-90% 58]
N,- and steam-stripping Toluene Corncob Experimental and Aspen Plus simulation data [16]
Steam distillation - Corncob Temp. = 180°C and reaction time = 30 min [21]
Steam dlStluatIOIl . Concentrated seawater Corncob Temp. = 190°C [59]
at hydrolysis conditions
Hydrodistillation and Sulfuric. hvdrochloric Corncobs,
autohydrolysis Kraft > IYCTOCRIOTIC, sugarcane bagasse, Acid concentration = 1.5-5.2 mol/L [60]
and phosphoric acids
process and eucalypt wood
Sugarcane bagasse,
. . - Eucalyptus Temp. = 150-170°C
Acid hydrolysis Sulfuric acid globulus, and and reaction time = 30-90 min [61]
Acacia longifolia
ToHkune xumunyeckue TexHonorum = Fine Chemical Technologies. 2025;20(5):454-473 457
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Table 1. Continued
Method Solvent Raw material Reaction/Extraction parameters Author
= o 1 1 = 0,
Acid hydrolysis Sulfuric acid Rice husk Temp. =200°C; acid concentration =0.1% [62]
(w/w); reaction time = 40 min
TS . N Rice straw and Evaporator temp. = 40°C
Distillation and separation Sulfuric acid bagasse and acid volume = 4.17 L [63]
Distillation process Chloroform Rice straw Evaporator temp. = 4°C [64]
. . L Rice husk . .
Acid hydrolysis Sulfuric acid S : Lratio=1: 15; temp. = 180°C; 0.4% acid [65]
and bagasse
Distillation process Water Bagasse Temp. = 170-200°C and reaction time = 40 min [10]
Distillation process Hexane Sugarcane bagasse S:Lratio=1:15 and temp. = 110°C [66]
T . S:Lratio=1:15; temp. = 110°C;
Distillation process Dichloromethane Sugarcane bagasse steam pressure = 1.05 kg/cm? [67]
. L Acetone/water ratio =7 : 3 v/v
Hydrolysis Phosphoric acid Sugarcane bagasse and temp. = 150°C [68]
. . Glycine-based ionic Temp. = 180°C; reaction time = 10 min;
Acid hydrolysis liquid Sugarcane bagasse 10 eq. of ionic liquid [69]
One-pot processin, Toluene—water Bagasse, rice husk, Temp. = 170°C and reaction time = 10 h [24]
potp J and wheat straw p-
One-pot system and BRD p-TsOH Corncob Effect of temperature and time [70]
. . . . Temp. = 60—160°C; reaction time = 30—90 min;
Acid hydrolysis Sulfuric acid Corncob acid concentration = 5-20 wi % [25]
. . L Temp. = 140-200°C
Acid hydrolysis Sulfuric acid Corncob and pressure = 3501550 kPa [18]
Microwave irradiation y-Valerolactone Corncob Temp. =190°C and S : L ratio=1: 20 [71]
. Sulfuric acid—toluene Water/solid ratio < 1
Hydrolysis biphasic system Comncob and reaction time = 10 min [72]
Enzymatic hydrolysis Ethanol Milled wood lignin Involves Soxhlet extraction [73]
and corncob
Microwave-assisted But.yl ac.etatefNaCl Corncob and Temp. = 160°C and reaction time = 60 min [74]
biphasic system xylose
Microwave-assisted Toluene Almond shells Reaction time=1h [36]
Catalyst = 60 g/kg; reaction temp. = 160°C;
Steam explosion - SELRS extraction steam flow rate = 2.5 cm’/min; [26]
sugar concentration = 61.4 kg/m?
Pretreatment temp. = 120°C;
Fractionation and Aqueous choline Switcherass extraction temp. = 130-160°C; [75]
enzymatic hydrolysis chloride (ChCl) & AICl, added = 2% w/v;
reaction time = 15-50 min
Ultrasonic pretreatment Aqueous ChCl-oxalic . ano S .
followed by DES reaction acid Oil palm fronds Temp. = 120°C and reaction time = 60 min [76]
. . L Tea leaves and rice S : Lratio =25 mL/g
Acid-catalyzed hydrolysis Sulfuric acid hull and acid concentration = 20% (w/w) [11]
Microwave-assisted Xylose, xylan, and _ 100
dehydration CPME rice husk Temp. = 170°C and pH 1.9-2.3 [29]
Substrate concentration = 1.2 mol L™!;
Multiphase dehydration Water Xylose catalyst = 10 mol %; [77]

reaction temp. = 120-160°C
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Table 1. Continued
Method Solvent Raw material Reaction/Extraction parameters Author
Acid hydrolysis Sulfuric acid Rice husk and Temp. = 120°C; reaction time = 3 and 4 h [78]
soybean peel
Hvdrochloric acid Initial xylose concentration = 60 g/L;
Acid hydrolysis 4 ; Rice straw reaction temp. = 150°C; Pt/Al,0, weight = 0.75 g; [79]
ethanol, and MIPK . .
acid concentration = 5 wt %
. . . . Biomass loading =9 wt %; acid
Acid hydrolysis Sulfuric acid Miscanthus concentration = 0.5 M; temp. = 185°C [80]
. Humidity = 7.71%; pH 5.5;
Soxhlet and distillation n-Hexane Date palm seed water activity = 0.365 [81]
Simple distillation Hexane Date seed Distillation temp. = 60°C [82]
Corn fiber, xylose,
Monophasic system y-Valerolactone arabinose, and 10 mL thick-walled glass reactors [27]
ribose
. Dilute sulfuric acid— . . .
Hydrolysis MIBK biphasic system Bamboo Particle size analysis [83]
Reaction temp. = 80—160°C;
. . . . . Xylose and residence time = 0—60 min;
Microwave-assisted Biphasic medium bamboo water amount = 0—1.2 mL: [84]
biphasic medium/substrate ratio = (2 : 1)—~(18 : 1)
LLE and HS-SPME No need for solvent | Wood hydrolysates Temp. N .1807_200 ¢ . [85]
and reaction time = 5-15 min
Temp. = 190°C; ZSM-5=1 g; NaCl =1.05 g;
Hydrolysis Sulfuric acid Hardwood solvent-to-aqueous phase ratio = 30 : 15 v/v; [86]
reaction time = 3 h
Hydrolysis MIBK Hardwood PHL Temp. = 170°C and reaction time = 100 min [87]
Hydrolysis Sulfuric a:(‘j da“d A¢C 1 Hardwood PHL Temp. = 150-190°C [30]
0.45 g bagasse; 9 mL MTHF; 9 mL water;
Enzymatic hydrolysis MTHF Sugarcane bagasse 0.1 M AICl;; temp. = 150°C; [22]
reaction time = 45 min; 10 wt % NaCl
. . Temp. = 170°C
Hydrolysis Sulfuric acid Sugarcane bagasse and acid concentration = 0.25 wt % [88]
. . . . . 0.01 M acid; reaction time = 90 min;
Acid hydrolysis Sulfuric acid Orange peel pectin temp. = 160°C [89]
Decorative plants
(Mimusops
elengi, Madhuca
Acid hydrolysis Ethanol indica, Hiptage 50 mL ethanol and 50 mL distilled water [90]
benghalensis,
and Polyalthia
longifolia)
Hydrolysis Chloroform Mikania micrantha | 50 mL chloroform and distillation temp. = 70°C [91]
. . . Extraction time = 35 min;
Acid hydrolysis Hydrochloric acid Theobrama cacao HICl concentration = 5 M and: amount of NaCl =7 g [92]
Microwave and oil MIBK, benzene, Camellia oleifera .
. . cyclohexane, and . [Bmim]HSO, catalyst [93]
bathing heating . fruit shell
1,4-dioxane
. Biomass Anno N
Autohydrolysis Water hydrolysate Temp. = 200°C and reaction time =3 h [94]
ToHkne xummyeckme TexHonorum = Fine Chemical Technologies. 2025;20(5):454-473 459
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Table 1. Continued
Method Solvent Raw material Reaction/Extraction parameters Author
Solvent extraction Ethyl acetate Mustard. (Brassica Time=4-5h [95]
carinata)
Hydrolysis B'utanolne—water C5 carbohydrate Experimental a?nd mqlecular dynamic [20]
biphasic system simulation
Hydrolysis DES Sunflower stalk Temp. = 180°C and reaction time = 15 min [96]
Microwave-assisted MIBK Chestnut shell Temp. = 180°C and reaction time = 15 min [97]
. ChCI-DES-MIBK Eucalyptus o L .
One-pot processing biphasic system urophylla Temp. = 140°C and reaction time = 90 min [98]
Maize cob,
Sodium hyc.1r0X1de Sulfuric acid clephant grass, Temp. = 160°C and reaction time = 160 min [99]
hydrogenation sunflower, and
baobab pulp

Note: L:S = liquid-solid; S:L = solid-liquid; MIBK = methyl isobutyl ketone; BRD = batch reaction incorporating

distillation; p-TsOH = p-toluenesulfonic acid; SELRS = steam explosion liquor of rice straw; CPME = cyclopentylmethyl ether;
MTHF = 2-methyltetrahydrofuran; MIPK = methyl isopropyl ketone; PHL = pre-hydrolysis liquor; LLE = liquid-liquid extraction;

HS-SPME = headspace solid phase microextraction.

According to Garcia et al. [56] and Dutta et al. [100],
from all sources, <200-700 kilotons of furfural
is produced per annum. The first industrial manufacture
occurred between 1921-1923 at Quaker Oats Plant,
Iowa, USA [12, 40, 101]. Potato peels as a feedstock for
furfural production offer several advantages, including
reduced waste generation in the food industry, lower
production costs compared to conventional feedstocks,
and a potential for higher furfural yields due to the
high pentosan content therein. Given its toxicity,
efficient extraction of furfural from foods, beverages,
or lignocellulosic materials should consider the safety
aspect. Exposure to furfural could lead to skin and eye
irritation, and trigger liver cancer [64, 102]. It can inhibit
growth in plants [103]. The works published during
1991-2024, reviewed as part of this study, revealed zero
utilization of potato peels for furfural synthesis. At the
same time, Gebre et al. [10] mentioned its presence
in nectarines and sweet potatoes. Presumably, this gap
can be attributed to the complex composition of potato
peels and the difficulty of obtaining sufficient/appreciable
yield, compared to its conversion to other products
such as biobutanol [104] and bioethanol, as well as its
application as a adsorbent. The concentration or purity
of furfural and its identification is usually carried out
using gas chromatography—mass spectrometry (GC-MS),
high-performance liquid chromatography (HPLC),
nuclear magnetic resonance (NMR) spectroscopy,
aniline acetate color reaction, infrared
spectrophotometry, ultraviolet—visible spectrophotometry,
colorimetric ~ spectrophotometry, and  refractive
index technologies [56, 81, 105, 106].

Australia and the USA are markets for furfural. The
kinetics of furfural production have been studied using

plug flow reactors in either single- or two-stage systems
and other processes [38, 77, 80], a vapor-releasing reactor
system [94], or continuous flow reactors as reported
by Nsubuga et al. [107], along with its optimization
by the Response Surface Methodology (RSM)
[47, 61, 69, 88, 92, 108] and Aspen Plus [109], [110].
Thus, Li et al. [111] studied the kinetics of furfural yield
from corncob using a sulfuric acid catalyst; Xia et al. [84]
kinetically analyzed the recovery of furfural from xylose
and bamboo. Acetic and sulfuric acid catalysts were
employed by Liu et al. [30] to manufacture furfural PHL
hardwood.

To the best of our knowledge, it was only Uppal
and Kaur [67] who used dichloromethane (CH,CIL,)
as a solvent to separate the organic layer in a distillation
flask, which Xiang and Runge [112] conflictingly
described as an energy-intensive process. Thus, the
choice of CH,Cl, as a solvent in our study is governed
by the selection criteria discussed by Ye ef al. [113],
in particular, its low energy requirements to balance
against its high cost. In addition, we aim to analyze the
kinetics and thermodynamics of furfural production
when using a sulfuric acid catalyst frequently employed
in the literature, to extract furfural from potato peels
in view of the significant xylose content therein, earlier
pointed out by Gebre et al. [10]. The kinetic study
includes both first- and second-order furfural production
rate analysis, of which only first-order models have
thus far been considered. An acid hydrolysis technique
is used to determine the energy parameters of the
extraction process. Since the physical and chemical
properties of potato peels have been comprehensively
reported in the literature, we rely on those studies and,
instead, concentrate on the gaps identified in Table 1.
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Fundamentally, the novelty of this study lies in the
use of CH,Cl, solvent and potato peels. According
to reports, CH,Cl, is safer than conventional acid
types, thereby enabling a greener approach discussed
by Cousin et al. [114] and lower energy requirements
compared to distillation [104].

METHODOLOGY

2.1. Materials and equipment

Furfural extraction from ground potato peels was
carried out using CH,Cl, solvent (density = 1.325 g/mL
at 20°C; >99.9% purity) used by Uppal and Kaur [67],
sulfuric acid (5.4% H,SO,, approx. 1 M solution)
catalyst reported by Iroha et al. [115], and water. Further
purification of the chemical reagents employed herein
was not required [116]. The equipment comprised
an R-1001-VN distillation apparatus by Zhengzhou
Wollen  Instrument  Equipment  Co.  (China),
a separation funnel by Shiv Dial Sud & Sons (India)
https://www.shivsons.com/product/separatory-funnel/,
a round bottom flask by RB Flask manufacturers,
a heating mantle by Shiv Dial Sud & Sons, and beakers
produced by HIRSCHMANN (Germany).

2.2. Potato peel preparation

Fresh sweet potato peels were obtained from the
Girei Local Government Area market situated in the
Adamawa State, Northeastern Nigeria. It is located
based on the GPS coordinate; between latitude
9°22°11.83”N and longitude 12°33°0.74”E, in a close
proximity to Yola, the state capital. The collected
samples were then washed with tap water before
manual size reduction using a steel knife. As shown
in Fig. 1, the peel was sun-dried for 4 days before
its grinding into powder (size <5 mm) as described
by Riera et al. [18]. This approach is similar to that
used by Mao et al. [21], who ensured a particle
size of 5-10 mm for the corncob used. It should
be noted that no further increase in furfural yield
could be achieved when the particle size is reduced
to 495 um, as confirmed by Singh et al. [65]. Itis typical
of 35 mesh sieves! in the U.S. Standard Sieve Series
(ASTM EI11). The use of finely ground potato peel
(with a particle size of 500 pum) will significantly
reduce internal diffusion resistance by increasing the
surface area and enhancing the reactant accessibility.

of 0.315 mm.

Fig. 1. Preparation stages of sweet potato peel:
(a) fresh sweet potato peels; (b) dried sweet potato peels;
(c) grounded potato peels

Priorto the experiment, personal protective equipment
was worn. This included Viton™-made gloves, lab coats,
and closed-toe shoes. A ventilated environment was
ensured, since the end product (furfural) has a pungent
odor smelling like almonds, with a toxicity ranging
from highly toxic to relatively non-toxic as based on the
records of EPA? and Sashikala and Ong [63].

2.3. Extraction of furfural

About 100 g of ground sweet potato peel was weighed
and placed into a 500 mL round bottom flask. The
hydrolysis process was initiated by adding 200 mL
of 1 M H,SO, solution to the flask. Subsequently, the
mixture was heated at a temperature of 60°C to reflux
for 1 h using a heating mantle [107], adopting a similar
duration reported by Sanchez et al. [36] who employed
a microwave-enhanced process. The mixture (as shown
in Fig. 2a) was allowed to cool to room temperature
(25°C) then filtered using filter paper to separate the liquid
from the solid residues, as mentioned by LaForge [117]
and Lee et al. [76]. The filtrate (Fig. 2b) was collected
in a clean container. The filtrate was transferred into
a separatory funnel followed by addition of 50 mL
equal volume of nonpolar solvent (in this case, CH,Cl,
shown in Fig. 2¢) to the separatory funnel. The mixture
was then shaken gently for 20 min. Observable layers
were allowed to separate naturally, as conducted
by Li et al. [118]. It should be noted that furfural was
expected to be in the organic (lower) layer [87]. The
organic layer was later separated and collected in a clean
beaker. Next, the organic layer was transferred to a round
bottom flask. The procedure was similar to that described
by Iriany et al. [91] who separated furfural from water
using chloroform, resulting in the formation of two
layers.

The distillation apparatus was set up as shown
in Fig. 2d, and the flask was gently heated to distill off the
solvent at 39.6°C. The distillate was collected in a clean

35 mesh is a medium size of the U.S. Standard mesh size with a 0.0197" (500 um) nominal sieve opening with a typical wire diameter

2 EPA, “Pesticide Fact Sheet,” 2006, United States Environmental Protection Agency, Office of Prevention, Pesticide and Toxic Substance (7501P).
Available: https://www3.epa.gov/pesticides/chem_search/reg_actions/registration/fs PC-043301_01-Sep-06.pdf
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(b)

Fig. 2. (a) Solution obtained by acid hydrolysis, (b) filtrate after cooling, (c) extraction solvent,

and (d) a simple fractional distillation setup

container and heated until the temperature reached 162°C
(the boiling point of furfural) in order to isolate the furfural
content. The concentration of the oily furfural recovered
was then measured at this particular temperature after 1,
1.25, 1.5, and 2 h. It was observed that, when exposed
to air, furfural was changing its color from its original
colorless/yellowish to a brown-black color, as discussed
by Al-Rahbi and Dwivedi [82] and observed by Sashikala
and Ong [63] and Gebre et al. [10]. At the specified time
interval, the experiment was repeated at 70 and 80°C.
At least three independent experiments were conducted
for each temperature condition to ensure reliability
and to minimize experimental error. At the end, only
the average values were used to carry out kinetic and
thermodynamics analyses.

2.4. Rate law for product formation

In this study, we used no kinetic rate models developed
previously [119]. For the first-order rate expression for
product formation in Eq. 1, the concentration of furfural
is expected to increase over time. Mazar et al. [120]
emphasized the importance of residence time or reaction
time in furfural production.

[FF], =[FF] _ (1-¢7*), (1)

wherein [FF], is the concentration of furfural at
time ¢ (g/mL), [FF] . is the maximum concentration
of furfural at equilibrium (g/mL), £ is the first-order rate
constant, and 7 is time (h). In order to determine &k from

Eq. 1, it was linearized such that to plot a graph of

[FF]
In| 1-——="—| against «.
[FF]as

il >

]max

In Eq. 2, [FF] . is the highest recorded constant
concentration obtained at the maximum time specified
for the reaction to take place. Hence, the slope of the
straight linear plot is expected to give the value of &. For
convenience, the rate constant for the specific reaction
order is differentiated using a subscripted number.
Herein, k; was made to represent the first-order case.
In the second-order case, the rate of product formation
depends on the square of the reactant concentration
or a bimolecular interaction. Thus, the linearized version
ofthe second-order rate (Eq. 3), i.e., Eq. 4, was employed
to analyze the experimental data at all the temperatures
studied. Lastly, the second-order rate, k,, was determined

. 1 o1
by plotting [FF]t against .
[FF]® ke
FF — max
[ ]f 1+[FF]malX kt’ (3

1 1

ﬁ = k—zt +[FF] . 4)

Ideally, Egs. 1 and 3 for first- and second-order
reaction rates were based on the conversion of pentosan
into furfural, according to Reaction 5 [57], [105].

H,SO,, Heat

CsH,0, +3H,0 5)

Indeed, furfural formation from potato peels
is a chemical process, primarily involving acid
hydrolysis of hemicelluloses (mainly pentosans, viz.,
3.2-6.0% xylose) present in the peels [121], followed
by their dehydration to form furfural, in accordance
with Reaction 5 [122]. In this study, the possibility
of side reactions, as noted by Mazar et al. [120], was
ignored.
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2.5. Thermodynamic computations 275
2.50
Changes in activation energy £, enthalpy AH, Rk
entropy AS, and Gibbs-Free energy AG occurring during §0 2.00
the extraction, were determined using the Arrhenius g 1.754
expression (Eq. 6) [53], Eyring model (Eq. 7), as well £ 1504
as Eqgs. 8 and 9, respectively. g 125
o
E (1 = 1.00-
Ink, =Ink, ——3[—), (6) =
R T E 0.751 80°C,
0.50- 7OOC
k =k* kT % 0254 60°C
n - Te B (7) 0
09 1.0 L1 12 13 14 15 1.6 1.7 18 1.9 2.0 2.1
k —-AH (1 * k AS Time, h
no_ - B2
ln7 TR (TJ + (ln k" +In h + R (®) Fig. 3. Furfural concentration—time relationship at various
temperatures
AG=AH -TAS, 9)

wherein, £, is the activation energy (kJ/mol); k, is the
frequency factor; R = 8.314 J/(mol-K) is the universal gas
constant; &~ is the transmission coefficient usually taken
as 1; kg is the Boltzmann constant = 1.38 - 108 J/K; AH is
the enthalpy change (kJ/mol); AS is the entropy change
in kJ/(mol'K), n is the order of reaction (i.e., 1 or 2), and
the Planck’s constant /= 6.63 - 10734 J-s=1.842 - 10737 J-h.

1
From a plot of In &, against T k, was also determined,

similar to the study undertaken by Eifert and Liauw [77].
Conversely, AH was computed from the slope of a plot

k 1
of In-* against — following the method adopted
T T

by Kim et al. [31]. For convenience, thermodynamic
calculations were conducted for the order of reaction that
best fit the furfural extraction data.

RESULTS AND DISCUSSION

3.1. Product concentration

At all temperatures, furfural concentration increases
with time, indicating the progress of the acid-catalyzed
dehydration reaction converting pentosans (from potato
peels) to furfural. In this case, the temperature-dependent
kinetic trends were consistent with reaction-controlled
mechanisms rather than with diffusion-controlled ones,
eliminating the need for the Thiele modulus or Weisz—Prater
criterion confirmation. After reaching a certain point, the
rate of increase slows down and stabilizes, which could
indicate the equilibrium stage or the depletion of reactants.
In Fig. 3, the concentration of furfural increases more
rapidly, in accord with the findings of Uppal and Kaur [67],
Kim et al. [31], and Liu et al. [94].

Higher temperatures accelerate the reaction rate due
to increased molecular motion and collision frequency,

as evident from the kinetics parameters where the rate
constant £ is higher at 80°C compared to 60 and 70°C.
Specific behavior of the curve is observed at 60°C, where
the reaction progresses slowly, reaching a lower maximum
concentration over the same duration of 1-2 h compared
to that at higher temperatures. However, at 70°C, the
reaction is faster than at 60°C, with a steeper initial increase
in furfural concentration and a higher maximum value,
in line with the findings of Montana et al. [34]. Eventually,
the reaction achieves the highest maximum concentration
at 80°C, over the shortest period of time, indicating
an optimal conversion efficiency at this temperature,
as shown in Fig. 3. As a clear deviation from the trend
observed in Fig. 3, Xu et al. [124] showed that, along with
an increase in time, furfural production declines rapidly
at higher temperatures between 150-180°C. Based on the
curve behavior in Fig. 3 and the data in Table 1, 80°C
isrecommended for furfural production. It offers the highest
furfural yield in the shortest time frame (i.e., 0.56 g/cm?),
making it the most efficient temperature among those
studied. However, such practical considerations as energy
consumption and the potential for thermal degradation
of furfural should be assessed before finalizing the process
parameters. Previously, a significant furfural degradation
under an increase in time was observed, when corncob
was employed by Ji et al. [70].

3.2. Kinetic study

Table 2 presents the furfural concentration at 60, 70,
and 80°C over time, along with the data relevant to first-
order and second-order reaction kinetics. As mentioned
earlier, at higher temperatures (70 and 80°C), furfural
concentrations increase more rapidly and achieve higher
values, reflecting faster reaction rates and greater product
yields as compared to those at 60°C.
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Table 2. Concentration of furfural and representative kinetic plot data

t,h [FF],, ¢/mL % 1_% i 1_% W , mL/g
max max max 4
60°C
1.00 0.11 0.134146341 0.865853659 —0.144039370 9.090909
1.25 0.34 0.414634146 0.585365854 —0.535518236 2.941176
1.50 0.38 0.463414634 0.536585366 —0.622529613 2.631579
2.00 0.82 1 0 — 1.219512
70°C
1.00 0.37 0.451219512 0.548780488 —0.600056757 2.702703
1.25 0.77 0.939024390 0.060975610 —2.797281335 1.298701
1.50 1.68 2.048780488 —1.048780488 - 0.595238
2.00 1.87 2.280487805 —1.280487805 - 0.534759
80°C
1.00 0.56 0.682926829 0.317073171 —1.148622709 1.785714
1.25 1.11 1.353658537 —0.353658537 - 0.900901
1.50 1.22 1.487804878 —0.487804878 — 0.819672
2.00 2.40 2.926829268 —1.926829268 - 0.416667
o . [FF]z Tl"he.coefﬁ.cie.nt of determination (R?) = 0.8811 at 60°C
The term inside the logarithm, 1—-——=—— depends in Fig. 4a indicates a reasonably good fit to the first-order
[FF]maX model and suggests that the reaction at this temperature

on the ratio of the furfural concentration at time, ¢, [FF],,
to the maximum concentration, [FF]_ . As the reaction
progresses and [FF], approaches [FF] the expression

[FF],
[FF]

max

max’

approaches zero. The logarithm of zero

is undefined; therefore, this term cannot be calculated
and is marked with a dash (‘=) in Table 2. The increasing
number of dashes with temperature progression (1’
at 60°C, ‘2’ at 70°C, ‘3’ at 80°C) highlights the influence
of higher temperatures on reaction kinetics, bringing the
system closer to equilibrium faster, which subsequently
impacts the logarithmic calculations in the data table.
This pattern of dashes confirms the temperature-
dependent kinetics of furfural production, with 80°C
being the most efficient temperature for achieving the
maximum concentration rapidly. Xia et al. [84] reported
a low furfural generation at this temperature during
furfural synthesis from bamboo and xylose.

3.2.1. First-order reaction

A straight-line trend in Figs. 4a and 4b agrees well with
the theoretical prediction of Eq. 2 (first-order furfural
product formulation); however, the reaction may involve
secondary processes which affect the data slightly.

moderately follows first-order kinetics. At the same time,
some deviations from linearity might exist (Fig. 4b). The
. - [FF],
near-perfectlinearrelationship between In| 1 — ————
[FF]max
and time (i.e., R = 1) implied that the reaction at 70°C
is predominantly governed by the first-order rate law,
above other temperatures examined. In Fig. 4c, the plot
shows only one data point, which is insufficient
to establish a linear trend or calculate an R? value reliably.
The single data point at 80°C (—=1.149 when t =1 h)
highlights the challenge of collecting sufficient data
for kinetic modeling when reactions proceed rapidly
to equilibrium. Nonetheless, the overall trend supports
the applicability of the first-order model to describe
the reaction, in particular, at intermediate temperatures
of about 70°C.

3.2.2. Second-order reaction

Rate plots in Fig. 5 were constructed to test the

1 1
relationship between W and — as well as to evaluate
¢

the correspondence of the experimental data with the
second-order model. The R? values progress
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Fig. 4. Rate plots for the first-order furfural formation Fig. 5. Rate plots for the second-order furfural formation
at (a) 60, (b) 70, and (c) 80°C at (a) 60, (b) 70, and (c) 80°C
from 0.8366 at 60°C to 0.9233 at 80°C, reflecting that The extraction data align more closely with the first-
the reaction kinetics adhere more strongly to the second- order assumptions at lower and intermediate temperatures
order model at higher temperatures. This trend suggests (60 and 70°C), since the straight-line trends in Fig. 4
that temperature plays a critical role in enhancing the have better fits (R? values) to the first-order rate law.
applicability of the second-order kinetics in describing At 80°C, the second-order model shows a stronger fit,
furfural formation. possibly due to temperature-induced changes in reaction
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dynamics. However, the first-order model remains the
overall better descriptor of the reaction kinetics across
the temperature range studied.

3.2.3. Estimated kinetic parameters

It is well known that & unit depends on the order
of reaction. As such, the terminology ‘units’ would
be use for appropriateness. The increase in &k with
temperature for both the first-order and second-order
reactions, as shown in Table 3, can be explained by the
fundamental principles of chemical kinetics, particularly
the Arrhenius equation and the temperature dependence

3.3. Thermodynamic study

Equations 6 and 8 were key to finding the thermodynamic
energy parameters of the solvent extraction process,
through the calculated data in Table 4. The rate
constant, k,, reflects the reaction speed. At 70°C, the
reaction rate is significantly higher compared to 60°C,
resulting in a higher value of .

Table 4. Axis data for straight-line plots for energy parameter
determination

of reaction rates. Reasons for this increase of k& with . 1 1 ky
7,°C| T,K | k,h == In k, In—L
temperature are due to enhanced molecular energy, T K T
exponential relationship and increased reaction rates. n=1
60 |[333.15| 0.9570 0.003002 | —0.04395 | —5.85254
Table 3. Calculated first- and second-order kinetic constants 70 [343.15| 87889 0002914 | 2.17349 | —3.66468
Reaction Temperature, °C | Slope | £, units R? 80 |353.15 _ _ _
order L1 A
o : 22
60 ~0.9570 | 0.9570 | 0.8811 LeC) LR punits | =, = ik, "7
1 70 —8.7889 | 8.7889 1.0000 n=2
80 - - 60 [333.15]0.066159| 0.003002 |—2.71569 | —8.52429
60 15.1150 | 0.066159 | 0.8366 70 [343.15|0.223584 | 0.002914 | —1.49797 | —7.33614
2 70 4.4726 |0.223584 | 0.8804 80 [353.15]0.381490 | 0.002832 | —0.96367 | —6.83056
80 2.6213 | 0.381490 | 0.9233

As temperature increases, molecules gain kinetic
energy, leading to more frequent and energetic collisions
between the reactants. It results in a higher proportion
of molecules having sufficient energy to overcome the
activation energy barrier (£,). The Arrhenius equation
shows an exponential dependence of & on 7. Even
an insignificant increase in temperature can significantly
enhance the rate constant due to the exponential term.
And at higher temperatures, the reaction progresses
more rapidly, reflected in the larger values of & for both
first-order (8.7889) and second-order reactions (0.3815).
In the first-order model, & increases from 0.957 at 60°C
to 8.7889 at 70°C, indicating a dramatic rise in the
reaction rate with a modest temperature increase. In the
second-order model, the rise in & is less steep compared
to the first-order reaction, reflecting differences in the
response of the reaction mechanism to temperature
changes. Generally, at n = 1, the reaction rate depends
linearly on the concentration of one reactant; hence,
k increases more sharply with temperature due to its
direct effect on the formation rate of furfural. However,
at n = 2, the rate depends on the square of the reactant
concentration or a bimolecular interaction, leading
to a more moderate increase in k£ with temperature.

Ln k, is the natural logarithm of the rate constant .
For k| values greater than 1 (as observed at 70°C for the
first-order reaction), In k; becomes positive. The 70°C
temperature likely represents an optimal point where
the reaction proceeds efficiently without the limitations
observed at lower (a slower reaction) or higher
temperatures (equilibrium reached too rapidly). This
resultsina &, value sufficiently large to make In k, positive
(at 2.1735). Figures 6 and 7 displays the Arrhenius plot
as well as the Eyring model plot described earlier for the
two reaction rates. To determine which thermodynamic
plot provides the best fit and supports a particular order
of reaction, the fit quality (e.g., linearity and R? values)
and trends in Figs. 6 and 7 should be analyzed. The fit
quality or linearity as well as R? values of unity aligned
best with the furfural experimental data for first-order
Arrhenius and Eyring-Polanyi models, as observed
in Fig. 6. However, it appears less linear in the second-
order case shown in Fig. 7 with a lower average R? value
0f 0.9573.

While both the first- and second-order models show
reasonable fits, the first-order thermodynamic plots
(Figs. 6a and 6b) provide the best overall fit, making the
first-order reaction the most plausible mechanism for the
extraction process under the conditions studied. Through
simplification of Eq. 8, AS was calculated using Eq. 10,
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Fig. 6. First-order thermodynamic plots:
(a) Arrhenius and (b) Eyring models

by substituting the known constant values and the
intercept in Fig. 6b.

31.9476 + A—I;S = Intercept. (10)

The higher E, = 85.992 kJ/mol for the first-order
reaction indicates a higher energy barrier for the reaction
to occur. By implication, the first-order reaction requires
a greater energy input to initiate compared to the second-
order reaction, potentially making it slower at lower
temperatures. Both £, are by far < 115 kJ/mol obtained
by Liu et al. [30] who utilized hardwood PHL for furfural
manufacture, although being > 28.69 and 34.72 kJ/mol
realized by Xu et al. [123]. Provided that this high energy
requirement is approved, potato peel has the potential
to add to the existing global furfural tonnage, whose
expected compound annual growth rate equals
6.5% [124]. Likewise, the higher AH = 83.138 kJ/mol
in the first-order reaction compared to the second-order
version implies its more endothermic character, thus
requiring a greater energy input to proceed. Thus,

Fig. 7. Second-order thermodynamic plots:
(a) Arrhenius and (b) Eyring models

italigns with its higher observed £, in Table 5. In contrast,
the higher first-order k, > 4.77 units in the second-order
reaction signifies a greater likelihood of successful
collisions leading to furfural product formation.
It indicates that while the energy barrier is higher, the
reaction has a stronger dependence on the frequency
of molecular collisions.

Table 5. Energy parameters computed for both reaction orders

Parameter First-order Second-order
E,, J/mol 85991.702 4822.951
ko, units 2.22549 - 1012 4773119
AH, J/mol 83137.5058 1972.081
AS, J/mol-K —86.0798304 —309.467
AG at 333 K, J/mol 111802.0893 105024.6
AG at 343 K, J/mol 112662.8876 108119.3
AG at 353 K, J/mol - 111213.9
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A less negative AS for the first-order reaction suggests
a smaller decrease in the system disorder during the
reaction, which could indicate a more favorable pathway
compared to the second-order reaction. However,
the higher AG values for the first-order reaction at all
temperatures suggest its being less thermodynamically
favorable than the second-order reaction. Lower
AG values for the second-order reaction, as illustrated
in Fig. 8, implied its more spontaneous character.
In a nutshell, for n = 1, the high £, AH, and AG indicate
that while it is less spontaneous and more energy-
intensive, it may offer greater control and predictability
under optimized conditions. On the other hand, for n =2,
the lower E,, AH, and AG specify that it is less energy-
demanding and more thermodynamically favorable,
making it potentially more efficient under practical
conditions.

113000 1 First-order

112000 ~
111000 Second-order
110000 A
1090004

108000+

Gibbs-free energy, kJ/mol

1070004
106000 4

1050004

330 335 340 345 350 355
Temperature, K

‘ Fig. 8. Effect of temperature change on Gibbs energy

Hence, the second-orderreaction can be recommended
for the extraction of furfural from potato peels due to its
lower energy and thermodynamic barriers, indicating
its greater efficiency and practicality for large-scale
applications. However, the first-order reaction might
be selected in cases where precise reaction control and
selectivity are critical.
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AHHOTaUUuS

Hesmn. Konnencanmeit 2-(1ukiorekceH- 1 -mn)uukiorekcanona (ketona Bamnaxa) ¢ 1,2-, 1,3-muonamu u 1,2-3TaHAUTHOIIOM TTOTYYHTH
COOTBETCTBYIOIINE HUKIOTEKCCHMIIbHBIE TPON3BOAHBIE 1,4-nroKkcacnupo([4.5]nekana, 1,5-mnokcacnupo[S.5]ynnekana u 1,4-qurnacnu-
po[4.5]nekaHa; ONpeaeNUTh JUIMTEIBHOCTh PEAKLIUKU M TEMIICpaTypy HMPOBEACHUS MPOLecca, NPH KOTOPBIX JOCTUTAETCs MaKCHMalb-
HO BO3MOJKHBIIl BBIXOJ] LIEJICBBIX LHKINYECKUX NMPOU3BOJAHBIX 2-(LUKIOTeKCEH- | -1I)IMKIOTeKCAHOHA U OLICHUTh aHTHKOPPO3HOHHbIC
CBOICTBa MOJYYCHHBIX alleTaled B KUCION cpene; Ha npuMepe 1,4-auokcacnmupo[4.5]nexkana ocymecTBUTh AUXIOPKapOCHUPOBAHUE 1
YCTaHOBHUTH CTPOCHHUE TTOTyYCHHBIX H30MEPOB.

Mertonpbl. LleneBbie coeqMHEHNs, TAKUE KaK LUKINYECKUE alleTald, ObUIH MOJIyYeHb! KIACCHYECKUM CII0COOOM OPraHHYECKOTO CHHTE-
3a — KOHJeHcauuen 2-(LuKIoreKkceH- 1-uin)uukiorekcanona (kerona Bamnaxa) ¢ 1,2-, 1,3-quonamu u 1,2-3tanautnonom. st ompe-
JIEICHUS KaY€CTBEHHOTO M KOJMYECTBEHHOIO COCTaBa PEAKIIMOHHBIX MAacC OBLIM HCIHOJIb30BAHbI CIIEIYIONIME METO/bl aHAIM3a: ra30-
KuaKocTHas xpomarorpadust (xpomarorpad Kpucramtoke-4000M ¢ miiaMeHHO-MOHU3ALHOHHBIM ISTEKTOPOM, KaIMIIIIPHON KOJIOHKOM
25 m x 0.33 MM, comepxarneil 100%-if MOTMANMETHICHIOKCAH B KaueCTBE HEMOABIKHON (a3pl 0.5 um), CHEKTPOCKOMHS SAEPHOTO
MarHuTHOro pesoHanca (mpubop «BrukerAM-500» ¢ pabounmu wactoramu 500 u 125 MI'n) u >neMeHTHBIH MUKpOaHAIU3 (METOX
9KCIpecc-rpaBUMETPHH; XJIOp U cepy onpenessiiu Meronom LIénurepa).

Pe3yabrarsl. B ycinoBusx tepmuueckoro Harpesa kerona Bamnaxa ¢ 1,2-, 1,3-nquonamu u 1,2-3TaHIWTHOIOM MOTy4YeHbl 1,4-1noKcacu-
po[4.5]nekan, 1,5-nuoxcacnupo[5.5]ynnexan u 1,4-gutnacnupo[4.5]nexan ¢ BeixonoM 95%. YeraHOBIIGHO, UTO 5,5-AUMETUIIMOKCAHO-
BOE [IPOU3BO/IHOE 00J1aaeT YMEPEHHBIM HHIHOUPYIOMUM (P (PEKTOM 10 OTHOIICHHUIO K KHCIOTHON KOppo3uu yriepoauctoi craiau Ct20
npu temneparype 60°C. OmnpezaesneHo, 4to auxiaopkapoeHupoBanue 1,4-muokcacnupo[4.5]aekaHa mpoTekaeT ¢ 00pa3oBaHUEM CMECH
JBYX JHacTepeoMepoB (cooTHoreHue 1 : 2), 0 4eM CBUJICTENILCTBYIOT YABOCHHBIE CUIHAJIBI aTOMOB YIJIEPO/a B YITIEPOAHOM CIIEKTpE.

BriBoabl. 2-(I{uknorekcen- 1 -mi)uukiiorekcanon 1 xongeHcupyercst ¢ 1,2-, 1,3-11omaMu 1 9TaHJUTHONIOM C 00pa30BaHHEM COOTBET-
CTBYIOUIMX CIIUPOLUMKINYECKUX IMPOU3BOAHBIX C BHICOKMMHU Bbixonamu. [TokazaHno, uto 1,4-auokcacnupo[4.5]nekan BcTymnaer B peak-
LU0 TUXJIOPKApOCHUPOBAHKS B YCIOBUSIX peakiinu Makomy ¢ 00pa3oBaHUEM MOIUIMKIMUYECKOTO 2eM-TUXIOPIUKIONPONaHa B BUIE
cMecH JIByX nuactepeomepoB. Haitneno, uro 7-(mukinorekc-1-eH-1-mi)-3,3-numerni-1,5-nuokcacnupo[S.5]yHaekan cnocodeH TopMo-
3UTh KOPPO3HUIO CTAJIN B KUCIIBIX Cpeax.
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Abstract

Objectives. The work set out to obtain the corresponding cyclohexenyl derivatives of 1,4-dioxaspiro[4.5]decane, 1,5-dioxaspiro[5.5]-
undecane, and 1,4-dithiaspiro[4.5]decane by condensation of 2-(cyclohexen-1-yl)cyclohexanone (Wallach ketone) with 1,2-, 1,3-diols, and
1,2-ethanedithiol; to determine reaction duration and process temperature at which the maximum possible yield of the target cyclic derivatives
of 2-(cyclohexen-1-yl)cyclohexanone is achieved; to evaluate the anticorrosive properties of the obtained acetals in an acidic medium; to carry
out dichlorocarbenation using 1,4-dioxaspiro[4.5]decane as an example, and to establish the structure of the obtained isomers.

Methods. Target compounds including cyclic acetals were obtained by a classical organic synthesis method involving condensation of
2-(cyclohexen-1-yl)cyclohexanone (Wallach ketone) with 1,2-, 1,3-diols, and 1,2-ethanedithiol. The following analysis methods were
used to determine the qualitative and quantitative composition of the reaction masses: gas—liquid chromatography (Crystallux-4000M
chromatograph with a flame ionization detector, a 25 m % 0.33 mm capillary column containing 100% polydimethylsiloxane as a
stationary phase 0.5 pum), nuclear magnetic resonance spectroscopy (BrukerAM-500 device with operating frequencies of 500 and
125 MHz), and elemental microanalysis (rapid gravimetry method). Chlorine and sulfur were determined by the Schoniger method.

Results. Under conditions of thermal heating of Wallach ketone with 1,2-, 1,3-diols, and 1,2-ethanedithiol, 1,4-dioxaspiro[4.5]decane,
1,5-dioxaspiro[5.5]undecane, and 1,4-dithiaspiro[4.5]decane were obtained with a yield of 95%. 5,5-Dimethyldioxane derivative was
found to have a moderate inhibitory effect on acid corrosion of carbon steel St20 at a temperature of 60°C. Dichlorocarbenation of
1,4-dioxaspiro[4.5]decane was shown to occur with the formation of a mixture of two diastereomers (ratio is 1 : 2) as evidenced by
doubled signals of carbon atoms in the carbon spectrum.

Conclusions. 2-(Cyclohexen-1-yl)cyclohexanone 1 condenses with 1,2-, 1,3-diols, and ethanedithiol to form the corresponding
spirocyclic derivatives in high yields. It is shown that 1,4-dioxaspiro[4.5]decane undergoes dichlorocarbenation under Makosza reaction
conditions to form polycyclic gem-dichlorocyclopropane as a mixture of two diastereomers. 7-(Cyclohex-1-en-1-yl)-3,3-dimethyl-1,5-
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BBEOEHUE

JluHeitHbIe W MUKINYECKUE KeTaJH IIHPOKO HCIIONB3Y-
IOTCS B OpraHUYeckod W menuuuHckod xumuu [1, 2].
Tak, KeTaau IIUIEpUHA SBISIOTCS 3(PPEKTUBHBIMU J0-
OaBKaMH K pereiuieHTaMm [3], a quareraiy JUriieposa
U JUIEHTA’PUTPUTA MPEUIOKEHBI B KayeCTBE KOMIIO-
HEHTOB JIJIsl IOJTUMEPHBIX MaTepuanoB [4, 5]. B nocnen-
HHE TOIBI TOBHIINICHHOC BHUMAaHHE HCCIEIOBaTeNei
MIPUBJIEKAIOT KETaIM LHUKJINYECKUX KETOHOB, KOTOpPbIE
MIPOSIBIIIIOT CIIOCOOHOCTh TOPMO3HUTH KHCJIOTHYIO KOp-
PO3MIO0, CHIDKaTh CKOPPEKTHPOBAHHBIA JHAMETp IISITHA
M3HOCA U BBICTYIIATh B KAYECTBE MPHUCAT0K K TOILIHBAM U

macnam [6, 7]. IIpoMbIILIIeHHBIH KETOH — LUKJIOreKca-
HOH — HCTIOJIB3YETCs B KPYITHOTOHHAYKHOM CHHTE3€ Ka-
MpoJIaKTaMa, MOJIMAMHJIOB M aTUITUHOBON KHCIOTHI [8].
B xone stux peaknmii B konmuuectse 5S—15% B xauecTBe
MOOOYHBIX TPOAYKTOB OOPA3yIOTCSl AUMEPHI U OJIUTO-
Mepsl nukiiorekcanona [9, 10], cpeau KOTOPBIX OCHOB-
HBIM COEJMHEHUEM SIBIsieTCSl 2-(IUKIOTeKCeH- | -1)-
LUKJIOTeKCaHOH — KkeToH Bammaxa (1) [11]. B nurtepa-
Type OIHMCAaHO TIONyYeHHEe Ha 0a3e keToHa 1 aHTHMaIs-
puitabix [12] um anTUpeBMarougHbIX [9] coenuHEHMIA,
a TaKKe KOMIIOHEHTOB PEaKTHBHOTO TOIJIMBA BBICOKOM
miotHoctd [10]. Codveranue OuIMKIMYecKoTro (par-
MeHTa KeToHa 1 ¥ LUKJI0aleTaJIbHON TPYIIIbI II03BOJIAET
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cO3/1aBaTh COCNUHEHHS, OONagaromme IUTOTOKCHY-
HOCTBIO II0 OTHOIICHHIO K OITYXOJEBBIM KJIETOUHBIM
muausM [13], repOounmast [14], TOmuIMBHBIE TpUCa-
ku [15, 16]. B 3T0l CBS3M LIENBIO JAHHOTO UCCIICOBAHUS
SIBIJIACH pa3paboTka METOMa TOMYyUSHHS ITOTHIIHKIHYC-
CKHX CIHUpoaleTalieidl U COUpoTHOAalleTaleld Ha OCHOBE
2-(uMKIIOTeKCeH- | -un)uKinorekcaHona 1.

MATEPUAJIbI U METOAbI

CrieKTpsl AAEPHOTO MarHUTHOTO pe3onadca (IMP) 'H
u BC perucrpupopanu B CDCl; (25°C) wa mpu-
oope Avance-IIl HD (Bruker, CHIA) mnpu pabo-
gpx gactotax 500 m 125 MI'm mms smep 'H u 13C
COOTBETCTBCHHO. BHYTpPEHHHM 3TajJOHOM  CIYKHU-
JU  OCTAaTOYHBIC CHTHAIIBI PacTBOpUTENs: Oy 7.66,
8¢ 77.0 M. s cnekrpos 'H 1 13C coorBercTBenHO.
l'azoxpomarorpaduyeckuii aHAIN3 PEAKIIUOHHBIX CMe-
cer n BBIZICJICHHBIX COC,Z[I/IHCHI/Iﬁ BBITIOJIHAJIN Ha XpoMa-
torpade Kpucrammokc-4000M (HIID «Mema-Xpom»,
Poccust) ¢ miuaMeHHO-MOHU3AIMOHHBIM JETEKTOPOM U
KalMJUISIPHOM KOJTOHKOH (25 M % 0.33 mMm), copepxkaiieit

100%-11 moIMANMETUICUIIOKCAH B KaUECTBE HEMOIBHIK-
HOW (a3el (0.5 pm). DIeMEeHTHBIA MUKPOAHAIU3 BBITIO-
HAJM METOZOM 3KCIIPECC-TPaBUMETPHUH; XJIOp U Cepy
onpenaensu MetoaoM [1Iéaurepa.

Keron 1 momywanm coriacHO U3BECTHOH Me-
tonuke [17]. KomMepueckw JOCTYMHBIC JIHOIBI
(Sigma-Aldrich, CIIA) pacTBopUTEeNnu U MpoOUYUE pea-
TCHTHI HCTIIOIB30BaH 0€3 JOTIOHATEIEHOW OUMCTKH.

Ou3nuueckre KOHCTAHTBI, JaHHBIE 3JEMEHTHOIO
aHaJIM3a M CIEKTPAJbHBbIC XaAPaKTEPUCTHKH TIOJyYCH-
HBIX COCIMHEHHI MpUBEICHBI B Ta0M. 1 U 2, BRIXOIB —
B Tabm. 3.

OO6Owasa meToauka nosy4eHus
1,4-gnokcacnupo[4.5]pekaHoB 3a,c
n putnacnupo[4.5]nekaHa 3b

Cwmecn 35.7 r (0.20 moip) ketona 1, 0.3 monb cooTBeT-
CTBYIONIETO Juoja wiu dTanauTrona, 0.3 v (1.6 MMorb,
0.8 mom. %) TsOH H,O u 100 mn Gensona Harpesa-
nu ¢ Hacankoi JluHa—CTapka B TEUCHHE MPOMEXKYTKA
BPEMEHH, YKa3aHHOTO B TaOJI. 3, KOHTPOIUPYS COCTaB

Tab6auna 1. dusnueckre KOHCTAHTbI, JaHHBIE 3JIEMEHTHOTO aHajn3a u crekrpsl IMP IH coenuuenuii 3a—d u 4a.b

Table 1. Physical constants, elemental analysis data and 'H NMR spectra of compounds 3a—d and 4a,b

T

KHIT °C
(MM pT. cT.)

o
T boil> C

BpyTTo- Brrancneno,

¢dhopmyna %
G Calculated, %

Hatineno, %
Found, %

(mm Hg) C H formula C H

Crextp SIMP 'H (500.00 MI'u; 8, m.1.; J, I'ty)
TH NMR spectrum (500.00 MHz; 8, ppm; J, Hz)

3a | 138-140 (2.0) [ 75.63 | 10.18 | C,H,,0, [75.63| 9.97

5.47 (c, 1H), 3.87-3.69 (m, 4H), 2.06-1.88 (v, SH),
1.67-1.59 (m, 4H), 1.56-1.34 (m, 7H), 1.22-1.12 (m, 1H)
5.47 (s, 1H), 3.87-3.69 (m, 4H), 2.06-1.88 (m, 5H),
1.67-1.59 (m, 4H), 1.56-1.34 (m, 7H), 1.22-1.12 (m, 1H)

3b! [ 151-152(0.5) | 66.01 | 9.09 | C,H,,S, |66.09| 8.72

5.72 (¢, 1H), 3.24-3.13 (m, 4H), 2.24-2.16 (m, 4H), 2.06-1.93 (v, 3H),

1.77-1.33 (m, 4H), 1.62-1.48 (v, 5H), 1.31-1.20 (v, 1H)

5.72 (s, 1H), 3.24-3.13 (m, 4H), 2.24-2.16 (m, 4H), 2.06-1.93 (m, 3H),

1.77-1.33 (m, 4H), 1.62—-1.48 (m, 5H), 1.31-1.20 (m, 1H)

3¢ | 110-122(0.4) | 76.53 [ 10.56 | CH,,0, |76.23 | 10.24

5.44 (c, 1H), 4.04-3.98 (v, 1H), 3.88-3.71 (m, 3H), 2.76-2.70 (v, 1H),

2.25-2.16 (m, 1H), 2.06-1.87 (v, 6H), 1.79-1.50 (v, 6H),
1.43-1.20 (m, 4H), 1.06-0.98 (, 1H)
5.44 (s, 1H), 4.04-3.98 (m, 1H), 3.88-3.71 (m, 3H), 2.76-2.70 (m, 1H),
2.25-2.16 (m, 1H), 2.06-1.87 (m, 6H), 1.79-1.50 (m, 6H),
1.43-1.20 (m, 4H), 1.06-0.98 (m, 1H)

3d | 153-155(0.6) | 77.30 | 10.62 | C,,Hy0, |77.22|10.67

5.40 (c, 1H), 3.71-3.66 (v, 2H), 3.57-3.50 (m, 2H), 2.80-2.76 (m, 2H),

2.00-1.91 (v, 4H), 1.68-1.44 (u, 10H), 1.04 (c, 3H), 0.67 (c, 3H)

5.40 (s, 1H), 3.71-3.66 (m, 2H), 3.57-3.50 (m, 2H), 2.80-2.76 (m, 2H),
2.00-1.91 (m, 4H), 1.68-1.44 (m, 11H), 1.04 (s, 3H), 0.67 (s, 3H)

4 | 160-161 (0.5) [ 59.29 | 7.49 | CsH,,CLO, | 59.02 | 7.27

4.04-3.91 (m), 2.58-2.49 (m), 1.86-1.01 (m)
4.04-3.91 (m), 2.58-2.49 (m), 1.86-1.01 (m)

THaiineno 25.34% S; Berumcieno 25.20% S. / Found 25.34% S; calculated 25.20% S.
2Haiineno 23.07% Cl; Berancieno 23.23% Cl. / Found 23.07% Cl; calculated 23.23% CI.
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Ta6auua 2. Cuexrpsl IMP 3C coenunenuii 3a—d u 4a,b
Table 2. 13C NMR spectra of compounds 3a—d and 4a,b
Crextp IMP 13C (125 MT'n; 8, m.j1.)
No 13C NMR spectrum (125 MHz; 8, ppm)

c! c? c’ c? e (O CH, R*
3a 64.88, 64.82 110.94 | 52.89 137.54 | 124.15 | 36.94,29.41, 29.00, 25.71, 25.65, 24.11, 23.62, 22.61 -
3b 45.79, 39.47 73.34 56.44 139.13 | 125.27 | 38.12,32.03, 29.82, 26.49, 25.83, 25.65, 23.59, 22.57 -
3¢ 58.93, 58.72 99.40 55.36 138.68 | 123.58 | 28.61,28.49,28.11,25.99,25.64, 25.60, 23.50, 22.73, 22.58 -
3d! 69.36, 69.09 99.09 54.10 137.93 | 123.51 | 29.29,28.31, 27.75, 26.10, 25.59, 23.54, 22.76, 22.66 22322;’

4a.b? 64.77, 63.63, 111.85, | 51.40, | 31.65, | 32.74, | 36.79, 35.23, 28.48,27.14, 25.98, 25.44, 24.11, 23.82, B
’ 63.54, 63.49 110.90 | 50.33 29.89 31.65 | 21.67,21.10, 20.30, 20.25, 19.71, 19.65, 19.17, 19.07

Ipumeuanue: *R = H (3a-3c, 3e, 4a,b); Me (3d).
13 (CMe,): 30.15 m.x. / 30.15 ppm.
25 (CCl,): 74.40, 73.90 m.1. / 74.40, 73.90 ppm.

PEAKLMOHHON CMECH METOAOM Ia30-XKHIKOCTHOH Xpo-
marorpaduu (IKX). 3aTeM peakllMOHHYIO CMECh OXJia-
KA ¥ MHTEHCHBHO TIEPEMEIINBAIN B TEUCHUE 5 MHUH
¢ 50 mn macemiennoro pactsopa NaHCO,. Boanyro
JacTh TPWOKIBI IKCTPArHpOBaNU 3(UPOM, O0OBEIUHEH-
HyI0 OpraHu4ecKyto a3y cymmmm Haa Na,SO,, oTrons-
JI1 PacTBOPUTENIM Ha POTOPHOM HCHApHUTENe, a OCTATOK
MIEPETOHSUIN B BaKyyMe.

OO6uwias meToauKa NoNy4yeHus
1,4-pntnacnupo[4.5]aekaHosB 3d,e

Cwmech 35.7 1 (0.20 monp) ketoHa 1, 0.1 monb cooTBer-
crBytomero auona, 0.3 r TsOH H,O u 100 mn 6enso-
na HarpeBanu ¢ Hacanakon J(mana—Crapka B Teuenue | q,
3areM jo06aBisu eme 0.15 Monb auona, npomoiKain
HarpeBaHWe B TEUEHHE OOIIEro MepHoa, YKa3aHHOTO
B Ta0J. 3, KOHTPOIHPYSI COCTaB PEAKIIMOHHOI CMECH Me-
tonoM [KX. Tlocne oxsyaxaeHus peakiMOHHYI0 Maccy
00pabaThIBAIN TAK, KAK 3TO YKa3aHO BHIIIE.

MeToauka nosny4yeHus
6-(7,7-puxnopouumnkno[4.1.0]rentan-
1-un)-1,4-gnokcacnupol4.5]aekaHa
(cmecu pnacrepeomepoB 4a,b) [16]

K pactBopy 11.1 1 (50.0 mmoib) sTHneHKeTans 3a,
331 mr (1.47 mmomns) Et;BnNCl 1 0.5 M 96%-ro EtOH
B 150 mit (1.85 monb) CHCl; ipu OXJTakIeHHH JIBIIOM U
MHTEHCHBHOM TIEPEMEIINBAHUH BEPXHEIPUBOIHON Me-
mrankoit (1000 06/MuH) HOOABISIIH MO KAIUIIM OXJIakK-
nennslit pactBop 50 1 (1.25 mois) NaOH B 50 M1 BObL
[Tocne nobasnenus pacrsopa NaOH peaknnoHHyr0 Mac-
cy nepememuBaiy eme 1 4, nociue yero I KX nokasana

Tadoauua 3. CuHTe3 MUKIIMYECKHX aneTaici 3a,c,d
u THoaneTais 3b

Table 3. Synthesis of cyclic acetals 3a,c,d and thioacetal 3b

Jlvon (muTHOIN) Bpemst (TI/IAOL;ZTG:?;;L)

Diol (dithiol) peaI:{L[I/II/I, Acetal (thioacetal)

Reaction Beixon, %

Ne R X n time, h Ne Yield, %
2a H O 0 2 3a 85
2b H S 0 2 3b 83
2¢ H (0] 1 6 3c 69
2d Me (0] 1 4 3d 74
2e H | O 2 48 3e 0

TIOJTHYIO KOHBEPCHIO MCcXoAHOro coennuenus 3a. K pe-
aKUMOHHOM cMecu Ao06aBunu 500 M1 BOAbI, OpraHuye-
CKMH coil oTaensii, npoMbiBaiu 5%-iit AcOH, Bonoit
u cyumnu Hag Na,SO,. [locne ynapusanust pacTBopu-
TeJs OCTaTOK MeperoHsui B Bakyyme. [lomyuwmnn 28.1 r
(92%) OecuBETHOM KUIAKOCTH, IIOCTEIIEHHO TEMHEIOIEH
IIpY XpPaHEHUH.

MeToauka onpegeseHus
AQHTUKOPPO3NOHHO aKTUBHOCTU BELL,ECTB
B KMCJIOM cpeae

WcnpiTaHusT WMHTHOUPYIOINEH aKTMBHOCTH CHHTE-
3UPOBAHHBIX COEIWHEHMH MPOBOAUIM Ha o00pas-
max cranmu Ct20 (cocras, mac. %: Ni + Cu < 0.3%,
As < 0.08%, Mn 0.35%, Cr < 0.25%, Si 0.17-0.37%,
S 0.040%, P < 0.035%) pasmepom 60 % 20 x 1 MM.
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[lepen mpoBeneHWEM HCHBITAHHUS O00pa3lbl MOCTE-
JIOBaTeIbHO 00paldaThiBadu HaXJa4YHbIMK Oymara-
mu PS-11 u PS-12, usmepsum miomans MOBEpPX-
HOCTH C IIOMOLIBIO INTAHICHUOUPKYJIA, HNPOMbBIBaJIN
BOJIO}1, 9TAHOJIOM, allETOHOM U CYIIHJIHN B KCHKATOPE.
KopposuonHnoit cpenoit ciayxun 1 M pacTBop coss-
HOU KHCHOTBl. CKOPOCTHh KOPpPO3UU HM3MEPSIIN Tpa-
BHUMETPUYECKUM METOJOM IO YOBIIM Macchl oOpasia
MeTtamia. DOPEeKTUBHOCTh 3aIMUTHOTO JCHCTBUS WH-
rubutopa 3d ompenensinyu Kak OTHOIICHHE CKOPOCTEH
KOppO3uH 00pa3IoB CTalM B MHTHOWPOBAHHOM W HE
unruobuposannoM 1 M pactsope HCI npu koH1ieHTpa-
LIUHM HCCIIEYEeMOro coeluHeHus 4 r/m L. Nuruburop
OIICHUBAIIM TI0 BEIMYUHE KOAPPHUIIMESHTA TOPMOKCHHS
Y = ky/kyyy THE kg ¥k — cKOpOCTH KOppO3UH B (hO-
HOBOM pPacTBOpE U B PACTBOPE C U3y4aeMoi 100aBKOM
narHOuTOpa 3d, a Takxke 1Mo BenuduHe 3P(HEKTUBHO-
ctu 3amwutThl Z = (1 — 1/y)-100 (%).

PE3YJIbTATbl U UX OBCYXAEHUE

Konnencanuro kerona 1 ¢ 3TuineHnmkoaeM 2a mpoBoIn-
JIY B CTAHJIAPTHBIX YCIOBUAX (KHCIOTHBIN KaTaliu3arop,
yranenue Bojbl MetojioMm Juaa—Crapka). [1pu atom 1ie-
neBoil 1,4-nuokcacnupo[4.5]nexan 3a obpasyercs ¢ BbI-
xonoM 85% [18] (cxema 1, Tabm. 3). B 3THX ke yCIOBHSIX
nporekaet peaxius 1,2-3ranautuona 2b ¢ keronom 1, n
BbIXOJ 1,4-mutnacnupo[4.5]nexana 3b cocrasnser 83%.

R R
9 R R 29
TsOH X X
’ xH i PhH,80-82°C
1 2a-e 3a-e

Cxema 1. B3anmoneiicTBue kerona Banmaxa 1
¢ peareHTaMu 2a—e (pacuudpoBKa 3aMECTHTEINEH,
reTepoaToMOB M pa3Mepa HUKIA JaHbl B Ta0I. 3)

Scheme 1. Interaction of Wallach ketone 1 with reagents 2a—e
(the details of substituents, heteroatoms, and ring size are
given in Table 3)

[Ipu nepexone ot 1,2-auoznos 2a,b k 1,3-1uonam 2¢,d
JUTSL TOCTHKEHUS TIPUEMIIEMBIX BBIXOJIOB (64—70%) arte-
tanei 3¢,d ObUT0 HEOOXOMUMO YBEIWYCHHE MPOIOIIKH-
TEIbHOCTH peakuuu B 2-3 pasza. IIpu ucnonapzoBaHuu
1,4-Oytannuona 2e 0oOpa3oBaHHE COOTBETCTBYOIIETO
CEMU3BEHHOTr0 1MKJIa 3e He HaOIIoIanoCh.

Jns  nmonrBepkAEHUS CTPYKTYPBl IIOJYYEHHBIX
TeTePOIUKIOB Haubosee HHPOPMATHBHBI CIEKTPHI
SMP 13C ¢ npusneuennem metoauxu dept-135. B crek-
Tpax aueraineil 3a,c,b mpUCYTCTBYIOT XapaKTEepUCTH-
YECKHE CUTHAIBI MPH O~ 58-82 M.JI., COOTBETCTBYIO-
mue o-aToMaM yriaepona 1,3-IHOKCOIHKIOAIKaHOBBIX

¢parmentos (C/+?), curnanst ysnosoro aroma (C%) mpu
8- 99-113 m.n., rpynmer CH (C*) npn O 51-56 M.,
a TakKe aroOMOB YIJIEpoAa JABOWHON CBA3M IIpHU
oo 137-139 (C)n O 122-125 (C°) m.1. B cmexrpe
AMP 13C tmoanerans 3b curHajel aTtoMoB yriepo-
na C!, C? u C3 rerepomukna cMmemeHsl B 0671acTh
CHUJIBHOTO TIOJISI TI0 CpaBHEHHUIO ¢ anerairsimMu 3a,c,b
(tabm. 2). B cnekrpax SIMP 'H coenmnenmii 3a—d
HAJC)KHO HUHTEPIPETUPYETCS  XapaKTEPHBIA  CHUT-
Hal NpOTOHA NpH aBoiHo#N cBasu (H®) B obmactu
51—1 5.4-5.7 m.a. Cur"amsl OCTaJIbHBIX TPOTOHOB HAXO0-
JATCA B CHJIBHOM IOJIE€ U MPEACTaBISAIOT co00i 1Io-
X0 paspelnieHHble TPYIIbl MYIBTUIIIETOB (CM. pas3ien
«Marepuaibl 1 METObI», Ta0M. 1).

Panee Obu10 MOKa3aHO, YTO JIBOMHAs YIJIEPO-yIyie-
ponHast cBsizb B kerone 1 [19, 20] u auerane 3a [21]
JOCTaTOYHO aKTHBHA JJIsI 0Opa30BaHMS TPEXWICHHBIX
LUKJIOB. B CBsI3U ¢ 3TUM, MBI OCYLIECTBHIN AMXJIOP-
KapOeHHpoBaHUe areTaidst 3a B YCIOBUSAX PEaKIUH
Maxomm ¢ 00pa3oBaHHEM  2cem-TUXJIOPIHKIONPOTa-
Ha 4. JluxymopkapOeHHUpPOBaHUE MPOUCXOJUT C 0OOpa-
30BaHUMEM CMECH JIByX AMacTepeoMepoB 4a,b, o uem
CBUIICTETHCTBYIOT ~ YIBOCHHBIC  CHTHAJBl  aTOMOB
yraepona C/+? (8- 64.77, 63.63, 63.54, 63.49 m.1.),
c? (6o 111.85, 110.90 m.1.), c? (8¢ 51.40, 50.33 m.1.),
c (8- 51.40, 50.33 m.n1.), (o (8- 32.74, 31.65 m.1.)
B crekrpax SIMP '3C (cxema 2, Ta6n. 2). CormacHo
crektpam SIMP 'H (o MHTEHCHBHOCTH XapaKTepUCTH-
YeCKUX CHrHajioB) W pesynbratam [JKX coorHomeHnne
JuacTepeoMepoB cocTasiseT 1 : 2.

[\
0,0 Et;BnNCI
ij_() + CHCl3 NaOH-H,0,
0-5C
3a

Cxema 2. KapbenupoBanue anetains 3a B yCIOBHAX PEaKIUU
Maxomu

Scheme 2. Carbenation of acetal 3a under Makosza reaction
conditions

WsBectHo, uTo KeToH 1 00mamaer CroCOOHOCTBIO
WHTUOMPOBATH KUCIIOTHYIO KOPpO3uto [22]. MbI Hamnum,
qTo Ketanb 3d 001agaeT HeCKOJIBKO MEHBIIHM HHTHOH-
pytomm 3ddexrom (67%), yem ketoH 1 (85%), B yc-
JOBHSAX KHUCIOTHOU Koppo3uu (1 M HCI) yrreponuctoit
cramu Ct20 npu 60°C. OcTanbHble anerany MoKazaiu
elle MEHBIIYI0 3alIUTHYI cocoOHOCTh. Takum oOpa-
30M, BBEJCHHUE IMKIIOAICTATLHOTO (hparMeHTa B CTPYK-
Typy KeToHa Baraxa MOHMKaeT CIOCOOHOCTh HHIH-
OHMpOBaTh KUCJIOTHYIO KOPPO3HUIO CTAJH, YTO, BEPOSITHO,
CBSI3aHO C yMCHBIIIEHHWEM TMOJISIPHOCTH areraned 3 1o
CPaBHCHUIO C KETOHOM 1.
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SAKJTIOMEHME

YcraHoBiieHO, 4YTO 2-(LIMKIJIOTEKCEH- | -KiT)UKIIoreKca-
HOH (keToH Bamraxa) konneHncupyercs ¢ 1,2-, 1,3-auo-
JaMU W STaHIWTHOIOM C 0Opa30BaHHWEM COOTBETCTBY-
IOLIUX CIUPOLUKINYECKUX MPOU3BOAHBIX C BBHICOKUMH
BeIxojamu. Iloka3zaHo, 4To JBOIHAS CBS3b IIUKJIOICKCE-
HOBOTO (pparMeHTa TeTEePOIMKIIA JIETKO IPHCOCTMHSICT
JTUXJIOpKapOeH B YCIOBHX peakuuu Maxomu ¢ oOpa-
30BaHUEM TMOJUIMKINIECKOTO 2eM-ITUXIOPIUKIONPOIa-
Ha B BHJIE CMECH JIBYX auactepeoMepoB. Halineno, uto
7-(uuknorekc-1-eH-1-nn)-3,3-mumerni-1,5-nnokcacnu-
po[5.5]yHnekan cmocoOeH TOPMO3HUTh KOPPO3HUIO CTAIIN
B KHCITBIX CPEIax.
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AHHOTaUus

Heau. PaccMoTpeTs BIMsHNE THAPOAMHAMUYECKON KaBUTALIMKU HA IPYNIIOBON YIVIEBOAOPOIHBINH COCTAB MPSIMOTOHHOTO Ma3yTa U CTPYK-
TYpHBIE XapaKTEPUCTUKH €T0 ac(aIbTeHOB.

MeTtoasbl. KaBuranmonuyo o0paboTKy Ma3zyTa MPOBOIMWIN B THAPOANHAMUYECKOM PEXHMME C HCTIOJIB30BaHUEM ammnapara «JloHop-2».
[lepenan nasnenus B paboueit yactu coctasisin S0 Mlla, uncno nukiaoB o6padotku BapsupoBanu ot 1 10 10. B psne ciayvaes, 1 uH-
TeHCH(UKAIMU TPOoLecca, Ma3yT KOMIIAyHIUPOBAIN C HU3KOKUIIIIMMH YITIEBOAOPOAaMH (IIpomaH-OyTaHOBOH (pakuueil, feKannHoM).
OrmpeiesieHre TpyIoBOro YIIEBOAOPOIHOTO cocTaBa 00pa3iia OCHOBBIBAIOCH Ha PA3JIMYHOIN PACTBOPHMOCTH YITIEBOJIOPOOB B MOJISP-
HBIX U HEMOJISIPHBIX PACTBOPUTEIIAX, ac(aIbTeHbl HCCIIEOBAINCH METOIaMH AU(PPAKTOMETPHU U CIIEKTPOCKOIINHM KOMOMHALOHHOTO
paccesHUS (paMaHOBCKOH CIIEKTPOCKOINH).

Pe3yabrarsl. [TokazaHo, 4yTo B pe3yibrare KaBUTALMOHHOIO BO3ACHCTBHS M3MEHSETCS TPYIIIOBOM YITIEBOIOPOIHBINH cocTaB 00pasua,
B HEM CHIDKAETCs COfiepyKaHHe CMOJ U ac(asbTeHOB, BO3PACTACT JOJISI MACISIHOW (paKUUU M IPH ITOM U3MEHSETCS ee IPYIIIOBOH
yIJIEBOZOPONHBIH cocTaB. KpoMe 3TOro yCTaHOBIIGHO, YTO MPU KaBUTALIMOHHOM BO3JCHCTBUYM U3MEHSIOTCS CTPYKTYPHBIE XapaKTepH-
CTHKH ac(hajIbTEHOB: Y HUX CHUYKAIOTCS T1apaMeTphbl KPUCTAIIMTOB L, 1 L, XapaKTEepU3YIOIUE UX Pa3MEPbl B IIIOCKOCTH H 10 BBICOTE,
YBEJINYUBAIOTCS PACCTOSTHUE MEXK/TY aJKHIbHBIMU 3aMECTUTEIISIMU U CTETICHb apOMaTHYHOCTH acasibTeHoB. OOpaboTKa CIIEKTPOB KOM-
OMHALIMOHHOTIO PACCESHUS PA3IMYHBIMU METOAAMH 110Ka3asia NPUHIUITNAIBHYIO CXOKECTh PE3YJIbTAaTOB: yBEINYCHUE HHTCHCHUBHOCTH
BO3/CHCTBYS MIPUBOIUIIO K YBEIMYCHHIO CTPYKTYPHOM Pas3ynopsoueHHOCTH acdanbTeHoB. B ciyuae nmpeaBapuTeIbHOTO KOMIIayH /U~
poBaHust 00pasia ¢ HU3KOKHUIBIIIMMY YIIIEBOAOpoAaMH 3(QGEKT OT KaBUTALHOHHON 00pabOTKH yCHITMBAJICSL.

BouiBoabl. [loayueHHble pe3ynbTaThl MOIYT CBUJIETEILCTBOBATH O JIOKAJIU3AlMU My3bIPbKOB KaBUTALIUU HA IPAHULIAX CIOXKHBIX CTPYK-
TYPHBIX €IMHUI] HEPTIHON AUCIIEPCHOM CHCTEMBI, C(HOPMHUPOBAHHBIX ac(hasIbTO-CMOJIMCTHIMI BEIIECTBAMHE U JTUCIICPCHOHHOM CpeJoi.
B cBsI3u ¢ 9THM, IMEHHO CMOJIBI M ac(haJIBTEHBI TTOJJBEPraloTCs HaNOOIbIIEMy TEPMHUYECKOMY BO3JCHCTBHUIO, BO3HUKAIOLIEMY ITPU CXJIO-
IIBIBAHUH KaBUTAI[OHHBIX ITy3bIPHKOB. JlecTpyKIHs CMOJ U ac(aIbTeHOB IIPUBOIUT K YMEHBIICHUIO Pa3MEPOB CIIOXKHBIX CTPYKTYPHBIX
€/IMHUI] ¥, COOTBETCTBEHHO, CHIDKSHUIO BSI3KOCTH HE(TIHOW IHUCIIEPCHOM CHCTEMBI, a MaciistHAs ()pakuust IIpH 3TOM oboramaercs Ha-
CBILICHHBIMH YIJIEBOJOPOAAMH.

KnioueBble cnoBa MocTtynuna: 09.12.2024
THAPOANHAMHUYECKas KaBUTaLHs, HeQTh 1 He(TEIIPOMLYKTHI, IPSIMOTOHHBIN Ma3yT, AopaGoTaHa: 27.01.2025
acaJibTeHBbI, CII0XKHAS CTPYKTYPHAS €IMHULIA, IPYIIIOBOM COCTAB, BA3KOCTb MpuHsTa B nevyatb: 05.09.2025
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Abstract

Objectives. To investigate the influence of hydrodynamic cavitation on the group hydrocarbon composition of straight-run fuel oil and
the structural characteristics of its asphaltenes.

Methods. The cavitation treatment of fuel oil was carried out in hydrodynamic mode using a Donor-2 device. The pressure drop in the
working part was 50 MPa, while the number of treatment cycles varied from 1 to 10. In some cases, to intensify the process, the fuel
oil was compounded with low-boiling hydrocarbons (propane-butane fraction, decalin). The determination of the group hydrocarbon
composition of the sample was based on the different solubility of hydrocarbons in polar and nonpolar solvents; asphaltenes were studied
by diffractometry and Raman spectroscopy.

Results. It is shown that the group hydrocarbon composition of the sample changes as a result of the cavitation effect: the content of resins
and asphaltenes decreases, the amount of the oil fraction increases, and its group hydrocarbon composition is altered. It was found that
cavitation exposure also changes the structural characteristics of asphaltenes: they decrease the L, and L crystallite parameters that
characterize their dimensions in plane and height, as well as increase the distance between alkyl substituents and the degree of plasticity
of asphaltenes. The processing of Raman spectra by various methods demonstrated consistent results: in all cases, an increase in the
intensity of exposure led to an increase in the structural disorder of asphaltenes. In the case of preliminary compounding of the sample
with low-boiling hydrocarbons, the effect of cavitation was enhanced.

Conclusions. The results obtained may indicate the localization of cavitation bubbles at the boundaries of complex structural units of the
dispersed petroleum system formed by asphalt-resinous substances and a dispersion medium. For this reason, it is resins and asphaltenes
that are most exposed to the thermal effects that occur when cavitation bubbles collapse. The destruction of resins and asphaltenes leads
to a decrease in the size of complex structural units and consequent decrease in the viscosity of the petroleum dispersed system, while

the oil fraction is enriched with saturated hydrocarbons.
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BBEOAEHUE

OnHMM W3 TNPHOPHTETOB HedTenepepadarbiBaromeit
MPOMBIIICHHOCTU ~ SIBJISICTCSL  YBCIUYCHHUE TITyOWHBI
nepepaboTku HEe(PTHU, YTO JOCTUTACTCS MOBBIIICHUEM
3 PEKTUBHOCTH M TEXHOJIOTHYHOCTH TEePepadbOTKH T0-
CTYMAIOMIETO Ha HeTenepepadaThIBAIONINE 3aBOIBI ChI-
pbsi. [loucku pemieHus: MOMOOHBIX 3a/1a4 OCIOKHIIOTCS
TEHJCHIIMEH K YTSKEICHHIO JTOObIBaeMOro HedTsHOTO
ceIpbs. [loaToMy pa3paboTka METOJOB M TEXHOJOTHH,
HaIpaBJICHHbIX Ha YBCJINYCHUC BbIXOJa CBECTIIBIX HC(bTe—
MPOJYKTOB, SIBISETCS OMHOM W3 Hauboyiee 3HAYUMBIX
U aKTyaJIbHBIX 3a/1a4.

B nureparype paccMarpuBaeTCst HECKOJIBKO BapHaH-
TOB TOBBIIICHUS [TyOUHBI TepepadOTKU HE(PTH 3a CUET
(PM3UYECKOTO BO3MEHCTBHUS: C MOMOIIBIO YIBETPa3BYKO-
BOU, TUIPOTUHAMUYCCKOM, MATHUTHOH, AIICKTPOTHIPaB-
JTUYECKOW U IpyTux BUIOB 00paboTku [ 1-5]. C KaxkapIM
TOJIOM WHTEpeC K NMPUMEHEHUI B HedrenepepaboTke
TaKUX TPHEMOB NpEIBAPUTEIBHON 0O0paOOTKH TOIBKO
pacTeT, Ipu 3TOM OMH 13 Hanbosnee HPpPEeKTUBHBIX CIIO-
co00B 00paOOTKM OCHOBAH HA WCIIOJIB30BAHHUH SIBIICHHS
KaBuTamu [2].

Kapuranmonnass o0pa0OoTka 3aKIO4aeTcsi B CO3-
JAHUU YCJIOBHUH, TPH KOTOPBIX MPOWCXOAUT BO3HHK-
HOBEHUE 3apOBIIICH My3bIPHKOB KaBHTAIMH, HX POCT
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U TIOCNeaytolIee cxyonbsiBanue [6]. Pesynbrarom cxio-
IIBIBAHWSL ONMHOYHOTO MY3bIPhKa SIBISICTCS BO3HHUKHO-
BEHHUE B JIOKAJIBHOI 00JIaCTH SKCTPEMaJbHbBIX JaBICHUI
1o 1000 MIla u remneparyp no 5000 K ¢ Beiaenennem
sHeprum okono 2.5 - 107 Ik [7, 8]. KaButamuonHas 06-
paborka HeTaHbIX nucnepcHbx cucteM (HIAC) moxer
MIPUBOJIUTH K U3MEHEHHUIO MX CBOMCTB U YIJIEBOJIOPOIHO-
IO COCTaBa, YTO IMOATBEPKAACTCS SKCIIEPUMEHTATbHBEIMU
paboramu [9-11]. Ognako HabIIOMAEMbIE W3MEHEHHS,
onucanHsle B aureparype [10, 12—15], e Bcerna umeror
OJTHO3HAYHBIN XapakTep: Harmpumep, B padote [13] yka-
3bIBA€TCA, YTO KABUTAIIMOHHOE BO3/IEHCTBHE TIPUBOJUIIO
K CHH)KCHUIO TUIOTHOCTH CHIPBS, a B padore [12] — k ee
yBenmdeHnto. Bsskocte H/IC mocne takoit 00paboTkn
cHmxaercs 3, 5,9, 16, 17], HO moTOM, ¢ TeYEHHUEM Bpe-
MEHH, BO3BpAalIaeTCs K 3HAUCHUSIM, OJM3KUM K HCXO[I-
HBIM, OJTHaKO He AocturaeT ux [16, 17]. Takoit xapakrep
M3MEHEHHS BA3KOCTH MOXET CBHIETENIbCTBOBAThH O pas-
pymenun crpykrypsl HIIC B pesynbprare aecTpykuuu
MEKMOJICKYJISIPHBIX B3auMojieiictBuid (2—10 k/[x/mMoub),
BaH-7Iep-BaasibCOBBIX (10-20 x/[»/MOJB) U BOTOPOIAHBIX
(20-160 x/Ix/mMo1nb) cBs3el, KOTOPBIMU O0NAIAI0T Hau-
MEHee YCTOHUMBBIC M HamboJee BHICOKOMOJICKYIIIPHBIC
KOMITOHEHTBI HE(TSHON CHCTEMBI — ac(habTeHbI U CMO-
761, POPMHUPYIOLIHE HAJMOJIEKYISIPHbIE 00pa30BaHMs —
cioxHbie cTpykTypHbie enuauIsl (CCE) [18, 19].

CCE mpencrasnsieT co00# siipo, COCTOsIIIEE U3 ac-
(haJBTEHOB M CMOJI, OKPYKEHHOE COJIbBATHOH 000J104-
HOM M3 COEQUHEHUW, MOJIEKYJSpHas Macca KOTOPBIX
yOBIBacT OT HEHTpa K nepudepuu u GOPMHUPYET ITHC-
nepcHyr (asy cucTeMbl, 00NAAA0NIYI0 TPaHUIeH pa3-
JieJia ¢ JUCIIEPCHOHHOM cpenoid. Hanmuune B HedTH 1 He-
(renpomykrax cMoi 1 ac(halbTeHOB — BAXKHBIN (HaKTOP,
KOTOPBIH HEOOXOJMMO YYHUTHIBATh B IIpoIieccax 100Uy,
TPAHCIIOPTUPOBKHU U mepepaboTku. Ha cramguu mo0bran
u3 Hux (opmupyIOTCs achanbrocMononapapuHOBbIC
OTJIOKEHUSI B KOJJIEKTOpax U TPyOONMpoOBONAX, CHUMKAs
MPOITYCKHYIO CITIOCOOHOCTH TOcienHuX. [loBpimmas Bs3-
kocth HJIC, cMmonbl u achanbTeHbl YBETHYUBAIOT 3a-
Tparhl HA TPAHCIIOPTUPOBKY HE(TH, B UX MPHUCYTCTBUU
BO3pacTaeT KOKCOOOpa3oBaHWE B TIPOIECCAX BBICOKO-
TeMIepaTypHOi nepepaboTKH.

B paborax [20, 21] yka3bIBaeTCsl, 4TO HAIWYHE Tpa-
HUIBI pazfena (a3 OmaronpusiTCTByeT OO0pa3OBaHHIO
3apoJbllIel My3bIpbkoB KaBuTauuu. B cinydae H/IC ta-
Kasi rpaHuna (GopMupyeTcs Mexay AUCHEpPCHOH (a3oi,
00pa3oBaHHOW cMoOJIaMH 1 ac(allbTeHaMH, U JIUCTICPCH-
OHHOW cpeaoi. MOXHO JOIMYCTUTH JIOKAJTH3ALUIO IIy-
3BIPHKOB KABUTAIIUM UMEHHO Ha 3TOH rpanuiie. [lostomy
B PE3yJBTATEe CXJIOMBIBAHMS ITy3BIPHKOB HAHUOOJBIIEMY

1

TCPMUYCCKOMY BOSHeﬁCTBHIO HOOJKHBI  ITOABEPTaThCs
YIJIEBOJIOPO/IBI, (DOPMUPYIOIIME TPAHUIYY pasnena ¢as,
B TOM YHCJI€ U CMOJIBI C ac(allbTeHaMHU.

B Hacrosmielr pabore paccMOTpPEHBI CTPYKTYpPHBIC
HM3MEHEHUs ac(albTeHOB Ma3yTa MO BO3/IEHCTBHEM TH-
JIponuHaMuyeckoi kaBuTauuu. OOpa3slbl UCCIeI0BaIN
METOIaMU CHEKTPOCKOIIMH KOMOWHAIIMOHHOTO pacces-
Husi (KP) (paMaHOBCKOHM CIIEKTPOCKOITMU) U MOPOIIKO-
BO TH()PAKTOMETPHH.

OKCNEPUMEHTAJIbHAA YACTb

OOBeKT wucciaenoBaHMs — 00paser NPSIMOTOHHOTO
MazyTa, Mmoiy4eHHbI Ha ycranoBke DJIOY-ABT-6 3a-
Bona AO «l asnpomnedhmov-MHII3» (Mocksa, Poccus).
KaButanmonnyo o6paboTKy MmasyTa MPOBOIWIN B TH-
IPOIMHAMHYCCKOM pEeXKUME Ha ammapare «JloHop-2»
(Okenepumenmanvhwlil 30600 HAYUHO2O NPUOOPOCMPOe-
Husa Poccutickoti akademuu Hayk, Poccust) [16] ipu Tem-
neparype 50°C. Ilepenan naBneHus B pabodeld yacTu
ycrpoiictBa coctaisit 50 MIla, konn4uecTBo HUKIOB 00-
pabotku BapbupoBanu ot 1 10 10. B psige myOnukannii 1uis
MOBBINIICHUS (P (PEKTUBHOCTH KaBUTAIIMOHHOW 00pabdoT-
KM IIpejiaraeTcs BBeieHue B 00padaTbIBaeMyI0 CUCTEMY
ra3o000pa3HbIX WU XKUIKUX KOMIOHEHTOB [18, 22-25].
B pabore B KadecTBe TaKWX HMHTECHCH(PHUIIMPYIOIIHX
KOMIIOHEHTOB HCIIOJIb30BaJIH IIPONAaH-0yTaHOBYIO (pak-
umio (TTb®) cnenyromero cocrasa (8 00. %): C,H, ~ 15,
C3H8 ~ 65, C4H10 ~ 20, u JeKaNMHCONEPIKAILYIO J0-
0aBKy (B JalbHEHIIEM [0 TEKCTy — JAEKaJlH) COCTa-
Ba (B Mac. %): nexaruaponadramun (C,H,q) ~ 83.0,
OUIMKJIOIIEHTHUII (C10H18) ~ 5.5, owunmkino[5.3.0]xe-
kaH (C,,H,¢) ~ 5.2. Wnenrudpurauuio npoBoanu ¢ 1o-
MOIIIBI0 XPOMATO-MAaCC-CIIEKTPOMETPUIECCKOTO aHANN3a.
[Ib® BBogMM OapboTa)keM Tra3a yepes CIOH oOpasia
¢ pacxonoM raza 75 u 225 cM/MuH B TeueHne 30 MUH
HETIOCPEJICTBEHHO Mepe]l 00padoTKOH.

BsizkocTs onpenensim Ha BuckozuMeTpax tumma BHX
(BUCKO3UMETp  [UIsI  HENpO3pPauHbIX  KHUJKOCTEH)
(000 «DKPOCXHUM», Poccus) mo I'OCT 33-2016'.
['pynmoBoii cocTaB 00pa3loOB ONPENENSIIA METOIOM,
ONMUCaHHBIM B padote [26]. [Ipu ocaxnenuun acgainbre-
HOB MaccOBOE OTHOIICHHE HABECKU 00paslia K pacTBO-
putento Opanu paBHbIM 1 : 40. AcdanbTeHbI OCaXIAIN
B TeueHue 24 4. [lomydeHHBIH pacTBOp (UIBTPOBAIN
C UCTIOJIb30BaHUEM OYyMasKHOTO 00€330JCHHOTO (DHIIBTpa
Mapku «Cunsis aerra» (000 «Menuop XXI», Poccus).
Brinenennpie acganbTeHbl OTMBIBATH OT COOCAXKICH-
HBIX Tapa(uHOB 1 cMo B anmapare Cokcnera B TCUCHUE
2 v nerpoieiabiM 3upom 40-70 (4., 4O «OKOC-1y,

T'OCT 33-2016. MexrocynapctBeHnsblii cranaapt. Hedts u Hedrenpoaykrsl. [Ipo3padnsie 1 HenpospadHbie )UAKOCTH. OnpeneneHne Ki-

HEMaTH4ecKol M auHammudecko BszkoctH. M.: Cranmaprurdopm; 2017. [GOST 33-2016. Interstate Standard. Petroleum and petroleum
products. Transparent and opaque liquids. Determination of kinematic and dynamic viscosity. Moscow: Standartinform; 2017.]
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Poccust) u cymmnm B 1abopaTopHOM BaKyyMHOM HIKady
BTeueHHe | 4. B kauecTBe aficopOeHTa B KOJIOHKE HCTIOINb-
3oBanu cunukarenab Mapku ACKI? (000 «XpomJlabd»,
Poccust) ¢ppakuun 0.25-0.50 mm. B kauecTBe pacTBOpH-
TeJel MCIOIh30BAIIM NIETPOJICHHBIN 3dup, Tomyon (X.4.,
AO «baza Nel Xumpeaxmueosy, Poccus) U U30mpoIiu-
noBbiil crupt (x.4., A0 «baza Nel Xumpeaxmueosy,
Poccust). s ocaxeHUss WU OTMBIBKH ac(alIbTCHOB,
a TaKKe Ul BbIJEJICHHUs HACBIIIEHHBIX YIIEBOAOPOIOB,
MPUMEHSIIM TIETPOJICHHBINA 3¢hup, IS BBIICICHUS apo-
MaTHYECKUX YIIIEBOJOPOIOB — TOIYOII, ISl BBIACICHUS
CMOJI — CMECH TOJIYOJ1a U U30MPOITUIOBOTO CITUPTA B CO-
otHomeHn# 30 k 70. O6beMHOE COOTHOIIICHUE CHIIMKA-
rens/o0pasert coctasisiio 100 : 1.

Briienennsie u3 00pasnoB Ma3yTa acgalbTeHbl HC-
CJIEJIOBAJII METOJIaMH TOPOIIKOBON AudpakToMeTpun
u crekrpockormu KP. B paGote ucnonb3yercs ciemy-
folasi Hymepanusi oopasuoB: | — acdanbreHsl, Bble-
JICHHBIE M3 UCXOTHOTO Ma3yTa; 2 — ac(aybTeHbl, BbIIe-
JICHHBIC W3 Ma3yTa I0CJie KaBUTAIMOHHOW 00pabOTKH;
3 — acdanbsreHbl, BBIICICHHBIC H3 Ma3yTa MOcie 00-
paboTKK, HEMOCPEICTBEHHO Iepell BO3IEHCTBHEM 4e-
pe3 masyT npoxysamu I1B® ¢ pacxomom 225 cm/mun;
4 — ac¢anbreHsl, BbIIEICHHBIE U3 KOMIAyHJa Ma3yTa
¢ JIeKaJImHOM (B Konu4ecTBe 2 Mac. %) mociie ero oopa-
0oTkH. Bo Beex cirydasx OCymIECTBISIIOCH MATH IUKIOB
BO3JICHCTBUSI.

CpeMKy qu(paKkTorpaMM BBIZICIEHHBIX ac(aTbTCHOB
MIPOBONMIIA TIPH KOMHATHOW TEMIIepaType Ha peHTre-
HoBckoM judppakromerpe XRD 6000 (CuK  -usnyyenmue,
JunHa BOJHBI A = 0.1542 uwm, Shimadzu Corporation,
SAnonus) npu yrmax 20 = 10°-80°. CkopocTh MOBOPO-
Ta roHrnoMeTpa cocrasisuia 0.02°/c. [lonydyennsie nud-
pakTorpammbl oOpabarbiBanu B porpamme Origin. s
pasneneHus MOTYICHHBIX IHKOB HCIONB30BAH (PyHK-
uuu ["aycca.

Crextpsl KP acansTeHOB MOTydaiy Mpyu KOMHATHON
TeMIIepaType Ha KOH(OKaIHHOM paMaHOBCKOM MHKPO-
ckonie Confotec Uno (SOL Instruments®, Benopyccus)
B muamazone casuroB ot 400 mo 4000 cm L. Jnuna
BOJIHBI M3JTy4deHus1 cocTaBmsuia 532 aM. MomHOCTh U3-
nyyenus cocrapisuia 10% OT MakCMMalbHO BO3MOX-
Horo 3HadeHus (50 mBt). Bpems ucneitanus — 50 c.
[TonmyyeHHble CHEKTphI 00padaThiBal B MPOrpaM-
Me Origin. JIns pasmerneHus MOTYYCHHBIX CIIEKTPOB
Ha tukn D1-D4 u G mpumensiim gynkuuu [aycca,
Jlopennia n ®oiirta (Mmeroauka 1) [27]. Pa3nenenue mo-
JMYYEHHBIX CIICKTPOB HA COCTABILIOIINE MX TTHKH TaKKe
MIPOBOJMIIM 110 METO/AMKE, OMHMCaHHOW B pabore [28],
rae ik G (MpUOTU3UTENHLHOE MOJIOKCHHE MaKCUMyMa
~1580 cm ') oTBeuaer 3a HanMuMe WpeambHOH rpadu-
TOBOM CTPYKTYpbI (OTKJIUK (OPMHUPYETCS KOJIeOaHUSIMU

2

aTOMOB YIVIepoia C Sp2-rubpuamsanueii, GpopMHupyro-
IIMMHU IJIOCKOCTH KOHJEHCHPOBAaHHBIX apOMaTHUYECKUX
cnoes), D (~1350-1370 cm ') — 3a medexts B pe-
IIeTKE HJeallbHOW TpadHUTOBOM CTPYKTYpHI U €€ Kpa-
eB (meromuka 2). B pabGorax [28-30] packpsiBaeTcst
ornecenne ko SL (~1230 cm 1), VR (~1380 cm 1),
VL (~1460 cm 1), GR (~1540 ecm 1), G2 (~1600 cm 1)
K pPa3IMIHBIM CTPYKTYPHBIM (pparMeHTam, HO JOCTOBEp-
HO HMHTEPIIPETUPOBATh BO3MOXKHO JIMIIb COOTHOLIEHHE
HHTErpajbHbIX HHTEHCUBHOCTEH NuKoB D u G.

CTpyKTypHBIC TapaMeTphI ac(haTbTCHOB OTPEICIISIIN
10 pe3yNbTaTaM PeHTIeHOCTPYKTYPHOI'O aHaju3a ¢ MpU-
meHerneM ¢opmyn (1)—(8) [31, 32].

PaccTostnue Mexmy apoMaTH4eCKMMH CIOSMH d,
paccuuTbiBanu o ¢popmyine bparra—Bynbsda (1):

A
™ 2sin 0,

(M

rae A — JTMHA BOJHBI PEHTTEHOBCKOTO M3ITydeHHs, A;
00, — yrou, cooTBeTcTByOmMi Makcumymy 002-noso-
CBI, TPAIyCHI.

Paccrosuust Mexay anugpaTHuecKUMH HETsIMH WIH
UKIaMH dv paccuuThBaIM TI0 hopmyrie (2):

A
=, 2
¥ 2Sin9y 2)

Cpennuii nnamMeTp apOMaTH4ECKUX CII0EB L, paccyu-
THIBaIH 110 Gopmyie (3):

0.92

= 3
“ FWHM,, N

rne FWHM,, (full width at half maximum) — nonnas
mmprHa rano 10 Ha MOMyBBICOTE € MaKCUMyMa, H3Me-
peHHast B efuHUIAX (Sinf)/A, rpaxychl.

Cpennioro BeicoTy mauku (crystallite size) apomaru-
YECKHX CJIOEB L, paccuuThiBaiy 1o Gopmyie (4):

0.45

= 4
< FWHM )

e FWHM,y,, — nonuas mupuna rano 002 Ha nomysbi-
COTe ee MakCMMyMa, M3MEpEeHHas B eAMHHUIAX (sinf)/A,
IPaIyChl.

CpenHee 4uciIO aroMoB yraepoja (atomic units)
B apomarndeckom cioe C,  onenuamu no gpopmyse (5):

L, +1.23

= 5
a 0.65 (%)

Cpennee uncio apomarndeckux konen NO, B croe
oreHnBa 1o Gopmye (6):

L

NO, = 5 6a67' 6)

AKTHBHPOBAHHBIN CHUIIMKArelb KPYITHOIOPUCTHIN rpaHyIupoBaHHbiil. / Activated silica gel, coarse-pored, granulated.
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CpenHee 4MCIO apOMAaTHYECKUX CIIOEB B mauke M
oreHuBai o opmye (7):

LC
M=—+1. (7)

Crenens apOMaTHYHOCTH acAIBTEHOB f, ONpPEEs-
m o popmyzre (8):

= ﬂ , (8)
Y Ayt 4,
rIe Aooz u AY — mroma i nukoB 002 u y-mosnoc.

ITo pesymbraram o0pabotku crnektpoB KP acdans-
TEHOB PacCUMTHIBAIM MapameTpsl R, u R, no ¢opmy-
nam (9) u (10) [33] nist oueHKH pa3ynopsA04eHHOCTH
UX CTPYKTYPBL:

1
R= ©)
G
I
=T (10)
G tpi

TIe ID1 " IG — TwIoIa Iy (MHTErpabHbIC HHTCHCUBHO-
cti) mukoB D1 u G.

O1eHKyY JuaMeTpa apoMaTudecKoro CJIos MO Pe3yiib-
Taram criekrpockornuu KP Llifp (HM) TIPOBOAMITH TI0 (hOp-
myne (11) [27, 34]:

Kp _ 4 4%
LY =44——. (11)
DI
Cpennee yucino apomaru4yeckux xosen B cinoe NO,

1o pesynbraram crekrpockonun KP onenuBanu o ¢pop-
myne (12) [27]:

KP
_IKP.10

NO, =—. 12
2,667 (12)

PE3YJIbTATbl U UX OBCYXAEHUE

Ha puc. 1 npuseneHsl pesynsrarbl, NOATBEPIKAAOLIME
uHpopMaIio o cHwKeHnH Bsskoctn HJIC B pesymsra-
Te KaBUTALMOHHOro Bo3ieciicTBus. Ilpu 3TOoM ycTaHOB-
JICHO CYIIECTBEHHOE BIMSIHME KOJIMYECTBA IMKIOB 00-
pabOTKM Ha PEONOTHYECKHE XapaKTCPHCTHUKU CHCTEMBL
Iocnenyromee Bo3pacTaHUE BS3KOCTU TAKKE COIIACYETCS
C paHee TONy4YeHHbIMH pesyibratamu. Kak yke ykasbIBa-
JIOCh, CHIDKCHHE BS3KOCTH HE(TENPOIYKTOB B PE3yibTare
KaBUTAIMOHHOH 0OpaOOTKM CBSA3BIBAIOT C JIECTPYKIMEH
crabbIx MesxxmoneKymsipHbIX cBsizeil CCE. C teuenuem Bpe-
MEHHU 3TH CBsI3M BoccTraHaBimBatotres, pazmepbl CCE yBe-
JIMYUBAIOTCS, YTO M MPUBOAUT K BO3PACTAHUIO BSI3KOCTHL.
boree BaXHO TO, YTO BSI3KOCTb HE BO3BPALACTCS K UCXOJ-
HBIM 3HAYEHUSIM, YTO MOKHO pacCMaTpuBaTh KaK CBUJIETEb-
cTBO 0 Oonee mryOokmx mmeHeHmsix B CCE B pesymsrare

KaBUTAIIMOHHOTO BO3/ICHCTBYSL, B TOM YUCJIE M O BHYTPHUMO-
JIEKYJSIPHBIX MPE0OPa30BAHMSAX CMOJ U ac(haIbTCHOB.

400

W
NeJ
W

385

380

Kinematic viscosity at 50°C, mm*c

375

Kunemarnyeckast Bszkocts npu 50°C, mm?/c

370 1 1 1 1 )
0 2 4 6 8 10

KonugecTBo LUKIIOB 00pabOTKH
Number of processing cycles

Puc. 1. Bimsiaue yciioBuil rHApoOiMHAMUYECKOH 00paboTKK
Ha BSI3KOCTb MPSMOTOHHOTO MasyTa: (/) cpasy mocie
00pabotky; (2) criycetst 5 queit; (3) cycrs 20 auei

Fig. 1. Effect of hydrodynamic treatment conditions
on the viscosity of straight run fuel oil: (/) immediately
after treatment; (2) after 5 days; (3) after 20 days

OTO NoATBEPKIAETCSI UI3MEHEHUEM IPYIIIIOBOTO COCTa-
Ba MazyTa (tabm. 1). BumHo, 4To mocne KaBUTAlMOHHOM
00paboTKu B 00pasiie CHU3UIIOCH CojiepKaHue achaibre-
HOB M CMOJI ! BO3POCIIO KOIIMYECTBO MACIISTHBIX (DPAKIIHIA.
Wutencudukanus mporecca KaBUTAIMKA IyTeM HAChI-
MIEHUsI ChIPbs Tiepes] 00padoTkoi [16D wim modaneHns
JekanmHa yeenmarBaeT d¢dext. [Ipu stom oH Tem 60ib-
nre, yeM Oonbiiree konmnuectBo [16D BBeneHo B cucremy.
OTMedeHO M3MEHEHHE COCTaBa MACILIHBIX (DpakIvid, T.c.
COOTHOILICHHSI COJEP)KaHMsl HACBIILIEHHBIX U apoMaTuye-
CKHUX YIIeBOJOpooB. [locine kaBUTaMOHHOM 00paOOTKH
B NpuUCyTCTBUM mMHHUIMMpytomiero areara (I1b® wm ne-
KaJMHa) B MacJsIHOM (hpakLuM BO3PACTAJIO COAEP)KaHUE
HACBIIEHHBIX CTPYKTYP M CHWKAJIaCh KOHIICHTpAIIUS ape-
HOB. DTO HE MOXET OBbITh OOBSICHEHO BHECEHHEM B 00pa-
3€1l HACBILEHHBIX YIJIEBOJOPOJIOB (ACKAIMHA), T.K. TIOCIIE
IIpeABapUTEIbHOrO HachleHus MasyTa [Ib® noss apenos
B MaCJISTHOH (PpaKIiy yMEHBIIIIIACH 110 34.7-35.0 mac. %.
Takoe U3MeHeHNEe yIIeBOAOPOAHOTO COCTaBa OOBEKTA HC-
CIICJIOBAHMS MOXET ObITh OOBSCHEHO JECTPYKIMEH CMO
n achansreHoB npu obdpadotke. Hanpumep, otmieruieHu-
€M OT MOJUIUKIMYECKOTO sIpa ANKWIBHBIX 3aMECTUTe-
aeit. OnuH U3 BO3MOXHBIX MEXaHHU3MOB NPE0OPa30BaHUS
B 1IenH ac(hasbTeHBI — CMOJIBI — Macjla pacCMaTpUBaeTCs
B pabore [35]. Bo3MOXHO, IMEHHO € IECTPYKIHCH MO-
nekyi, coctapsatoumx CCE, cBf3aHO To, 4TO Tocie 00-
pabOTKN HE TIPOHMCXOIWT ITOJTHON PETaKCAIlMH BSI3KOCTH
MasyTa JI0 UCXOIHBIX 3HAYCHHH.
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Ta6anua 1. V3ameHeHne rpynnoBoro cocraBa oopasia npsMOroHHOTO Ma3yTa IIOCIIe ero KaBUTAIIMOHHOI 00pabO0TKH IPH pa3InIHbIX

YCITOBHSIX

Table 1. Change in the group composition of the straight-run fuel oil sample after its cavitation treatment under various conditions

YcnoBus KaBUTAIIMOHHOW 00paboTKu™*
Cavitation treatment conditions*
Dpaknus, Mac. % | Hcxomnslit 0Opaser C 106 - TIED. ca/
o6aBKoi , CM”/MUH o
Fraction, wt % Initial sample Bes nobasox ) s ) ) C nobasxoit
Without With propane-butane fraction, mL/min JIeKaJIMHA
additives 75 225 With decalin
AcdainbreHbl
4.4 3.7 2.1 0.5 1.5
Asphaltenes
CMoi1b1
. 13.3 12.0 9.6 7.6 12.0
Resins
Macna
. 823 843 88.3 91.9 86.5
Oils

*[Iste uukiioB Boszeiictus / Five cycles of exposure.

Tadmuua 2. VI3MeHeHne CTPpyKTypHBIX XapaKTePHCTHK ac(aTbTeHOB Ma3yTa Mmocie 00padoTKH P Pa3InIHBIX yCIOBUAX

Table 2. Changes in the structural characteristics of fuel oil asphaltenes after treatment under various conditions

O6paszern

Sample d.,A d, A L,A L,A Cy NO, M A
1 3.63 4.87 19.97 14.66 32.61 7.49 5.03 0.38
2 3.64 4.93 21.44 12.92 34.88 8.04 4.55 0.40
3 3.65 491 18.91 13.72 30.98 7.09 4.76 0.42
4 3.63 4.88 18.73 13.49 30.71 7.02 4.71 0.44

Ji noaTBep K AEHUS IPEATIONOKEHHS O JECTPYKIUH
cMon U acansTeHOB HE(TH MPH KABUTAITMOHHOM BO3-
JICHCTBUH BBIICIICHHBIC U3 00pa3loB ac(aibTeHbI ObLTH
HCCIIeIOBAHBI METOJAMHU MTOPOIIKOBOM TU(PPAKTOMETPUU
u cnekrpockonuu KP. B Tabn. 2 nmpusenena nadopma-
IUSI O CTPYKTYPHBIX XapaKTePHCTHKAX ac(allbTCHOB.

ConocTaBisist XapaKTEPUCTUKU ac(aIbTCHOB, BbIJIC-
JICHHBIX M3 UCXOAHOTO 00pasiia MazyTa (obpaser 1) ¢ xa-
paKTepUCTHKaMH ac(haTbTCHOB, BBIICICHHBIX M3 Ma3yTa
Mocje €ro KaBUTAIlMOHHOW 00paboTku (00pasisl 2—4),
MOYKHO OTMETHUTH CIIeIYIOIINE H3MeHEHN. B pesynprare
00pabOTKH CHU3HMIACH CPEIHSS BRICOTA MTAYKH apOMATH-
YECKHX CII0€B L, T.€. pasmepsl acansrenos (sapa CCE)
CTaju MEHbIIE, a CTENEHb apOMAaTHYHOCTH f, acdab-
TEHOB BO3pOCTA, YTO MOATBEPXKIACT IMPEAIIOIOKCHHE
00 OTLIEINIEHUY OT HUX AJIKWIBHBIX 3aMECTUTENIEH. DTO
TaKXe COTJIACYETCs C TaHHBIMH 00 yBEITMUCHUH MTapame-
Tpa dy, XapaKTepU3YIOUIETO PACCTOSHIE MEKIY alTKAIIb-
HBIMH 3aMECCTUTCIISIMU.

[Ipyn kaBuTanmoHHOW 0O0pabOTKEe Ma3yTa B TIpHU-
cyrctBuu  go6aBok (IIB®, nexanuH) cTeneHb

apoMaTU4HOCTH acanbTeHoB (oOpasubl 3 u 4) Bo3pac-
Taja emie OoIbIe, a CPSTHUH AMAMETP apOMaTHYECKO-
ro cnost L, npu 5ToM ymeHbmasucs. HyHO OTMETUTS,
4yTO 17151 ac(halbTEHOB IPaBUIIbHEE TOBOPUTD HE O pas-
Mepe apoOMaTHUECKOTO CIIOs, a O pa3Mepe MOITHIUKIIHN-
YECKOro CJ0si, CHOPMHUPOBAHHOTO KOHICHCHPOBAH-
HbBIMU apOMaTU4CCKUMU U Ha(bTCHOBI)IMI/I KOJbLaMH.
BeposiTHo, B citydae ¢ oOpasnamu 3 ¥ 4 TpoOHUCXO-
JUJIO HE TOJBKO OTUICIUIEHHE AJIKWJIBHBIX ILIENOoYeK,
HO U «PACKPBLITUEC» I'PAaHUYHBIX HACBINICHHBIX HHUKIIOB
C TIOCIIEAYIONINM OTPHIBOM 0OpA30BAaBIINXCS AJKHIIb-
HBIX 3aMECTHUTENEH, T.e. Ooiee rryOoKas AECTPYKIUS
COEIMHEHMI. DTO cornacyercs ¢ HaOMOAaeMbIMU H3-
MEHEHHUSMH T'pynmoBoro cocrtasa (cMm. tabm. 1). IIpu
00paboTke Ma3yTa, komrayHaupoBaHHoro ¢ [16® wumu
JeKaInHOM, (DUKCHPOBAJIOCH OoJiee CYLIECTBEHHOE
YBENIWYCHHE COMACPKaHMS Maceld 10 CPaBHEHHIO ¢ 00-
paboTkoit 0e3 100aBoK.

OnucaHHble U3MEHEHUS CTPYKTYPHBIX XapaKTepu-
CTHK ac(aJbTCHOB TOATBEPIKIAIOTCS —pe3yiabTaTaMiu
cnextpomerpun KP (puc. 2, Tabn. 3, Tabdm. 4).
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Taomuua 3. Pesynsrarel 00padotku criektpoB KP pasnuuHbIMu MeTOAMKaMU U PyHKIUSAMH

Puc. 2. Cnexrpsl KP acdanbreHos, oopadboranHbie 1o metoauke [28]:
(a) obpaserr 1, (b) obpasern 2, (¢) odpasen 3, (d) odpasen 4. UepHast 3uraroodpasHast JUHHUS — CIEKTP, MOTYUCHHbIH
OKCIIEPUMEHTAJIBHO,; COOTBETCTBYIOLIAA eﬁ KpacHas 1iaakas JUHUA — KpuBas, ONMCbhIBaromias Cri€KTp; JUHUHU OCTAJIbHBIX LIBETOB —
KPUBBIE, TIOJYYEHHBIE PA3JIOKEHHEM CIIEKTPA

Fig. 2. Raman spectra of asphaltenes processed according to the method [28]:
(a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4. The black line is the spectrum obtained experimentally; the red line is the curve
describing the spectrum; the lines of the remaining colors are curves obtained by spectrum decomposition

Table 3. Results of processing Raman spectra (RS) by various methods and functions

1000
Cusur KP, om !
Raman shift, sm™!

1500 2000

KP
OGpasze L, am
paset R, R, : NO,
Sample LES, nm
Metonuka 1 [27]
Method 1 [27]
®yuxnus [aycca
Gaussian function
1 1.52 0.58 2.90 10.86
2 1.83 0.64 241 9.03
3 2.75 0.73 1.60 6.00
4 1.75 0.62 2.51 9.42
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Ta6auna 3. [Tponomxenue

Table 3. Continued

Ob6paze Llaip’ LN
SaIr)npleLI Ry = LES , nm NO,
Oynkuus Jlopenua
Lorentzian function
1 1.13 0.53 3.89 14.58
2 1.22 0.55 3.62 13.58
3 1.65 0.62 2.66 9.98
4 1.22 0.55 3.60 13.50
Oynkius doiirra
Voigt function
1 1.91 0.63 2.30 8.64
2 2.34 0.70 1.88 7.02
3 3.16 0.76 1.39 5.22
4 1.83 0.65 2.40 9.01
Metonuka 2 [28]
Method 2 [28]
Oynkius Jlopenna
Lorentzian function
1 3.11 0.76 1.42 5.31
2 3.29 0.77 1.34 5.01
3 3.79 0.79 1.16 4.35
4 3.39 0.77 1.30 4.87

Tadanna 4. AHaIU3 IHKOB NepBOro Mopsika crekrpos KP acdanbTeHOB ¢ IprMeHSHNEM pa3INIHbIX METOANK U (DyHKITIH

Table 4. Analysis of the peaks of the first order of the Raman spectra of asphaltenes using various techniques and functions

Obpaszen TTux [onoxenue, cM | | IHTeHCHBHOCTH, OTH. el | Illupuna, cm ™! Inomane, oTH. €. Jomns, %
Sample Peak Position, cm ™! Intensity, rel. units Width, cm™! Area, rel. units Part, %
Metonuka 1 [27]
Method 1 [27]
®ynkuus ['aycca
Gaussian function
D4 1211 1242 271 357816 21.2
Dl 1362 3394 188 679850 40.5
1 D3 1494 1471 99 155556 9.3
G 1581 4953 85 447654 26.6
D2 1665 665 57 40016 2.4
D4 1152 737 224 175558 12.7
Dl 1363 3225 216 740574 53.8
2 D3 1478 492 68 35503 2.6
G 1576 3761 101 405487 29.5
D2 1674 372 47 18754 1.4
D4 1019 230 37 9116 0.9
Dl 1357 2337 290 722131 72.0
3 D3 - - - - -
G 1578 2529 98 262872 26.2
D2 1674 204 42 9047 0.9
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Table 4. Continued

Ob6pa3zen TTux IMonoxenue, cM | | MuTeHCHBHOCTS, OTH. el | Illupuna, cm ™! IInomane, oTH. ex. Homns, %
Sample Peak Position, cm ™! Intensity, rel. units Width, cm™! Area, rel. units Part, %
D4 1188 1117 257 305144 17.1
D1 1360 3914 200 832291 46.7
4 D3 1497 1420 94 142759 8.0
G 1580 5199 86 475110 26.6
D2 1664 585 44 27671 1.6
®ynkuusa Jlopenua
Lorentzian function
D4 1236 1291 183 342872 18.9
Dl 1348 3213 135 643801 354
1 D3 1471 1420 125 262639 14.4
G 1579 4963 76 568910 313
D2 - - - - -
D4 1229 914 200 262821 17.3
Dl 1351 2693 143 568004 374
2 D3 1461 1107 136 221718 14.6
G 1579 3951 79 467266 30.7
D2 - - - - -
D4 1255 757 184 201775 18.0
Dl 1364 2122 161 498641 44.6
3 D3 1510 757 103 116392 10.4
G 1581 2824 71 301695 27.0
D2 - - - - -
D4 1245 1472 178 379750 19.8
D1 1353 3485 137 706699 36.8
4 D3 1471 1427 121 255871 13.3
G 1577 5210 74 578393 30.1
D2 - - - - -
Oyukuusa Poirra
Voigt function
D4 1180 1111 227 339072 19.5
D1 1355 3663 192 758723 43.6
1 D3 1505 1653 111 195718 11.3
G 1583 4720 79 397212 229
D2 1662 681 66 47894 2.8
D4 1153 518 246 138946 9.5
D1 1363 3241 224 885906 60.6
2 D3 1491 611 76 49185 34
G 1581 3805 93 378077 25.9
D2 1680 220 40 9378 0.6
D4 - - - - -
D1 1361 2381 293 813860 76.0
3 D3 - - - - -
G 1580 2555 95 257397 24.0
D2 - - - - -
D4 1115 597 183 116732 6.3
Dl 1353 4199 248 1109710 59.5
4 D3 1496 497 61 32397 1.7
G 1579 5268 93 605744 32.5
D2 - - - - -
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Table 4. Continued

Obpazent TTux [onoxenue, cM | | IHTeHCHBHOCTE, OTH. exl. | Illupuna, cm ™! Ilnomanp, oTH. €. Jomns, %
Sample Peak Position, cm ™! Intensity, rel. units Width, cm™! Area, rel. units Part, %
Metonuka 2 [28]
Method 2 [28]
®ynkuusa Jlopenua
Lorentzian function

SL 1252 1545 268 649719 28.6

D 1350 2958 141 653498 30.5

VR 1439 1089 94 161356 7.7

1 VL 1502 864 83 112850 5.4
GR 1559 2596 64 262344 12.6

G 1587 2953 45 210196 10.2

G2 1617 1274 52 104211 5.0

SL 1221 843 246 325267 17.0

D 1352 3007 172 812491 44.0

VR 1443 824 90 116626 6.5

2 VL 1492 381 40 24135 14
GR 1549 1916 78 233752 13.1

G 1586 2864 55 246851 14.0

G2 1619 958 47 69986 4.0

SL 1240 765 251 301243 21.6

D 1350 2005 156 491390 36.8

VR 1437 723 115 131168 10.0

3 VL 1515 751 71 84750 6.5
GR 1559 1433 53 119445 9.3

G 1586 1872 44 129677 10.2

G2 1619 970 47 71379 5.6

SL 1246 1546 242 588545 24.5

D 1351 3508 151 830365 36.0

VR 1441 1143 88 157084 7.0

4 VL 1494 804 60 75508 34
GR 1537 1431 53 118196 53

G 1571 3048 51 245220 11.1

G2 1599 2983 60 283111 12.7

BHe 3aBHCHMOCTH OT METOAMKH 0OpabOTKM CHEK-
TpoB KP w mpumensieMbIx QyHKIUH, i 00pasimoB
acansTeHOB HAONIOHAeTCs O0MIasi TCHICHIVS: YBEIH-
YeHHe WHTEHCUBHOCTH O0pa0OTKM HMCXOIHOTO Ma3yTa
MPUBOANT K Oojee BBIPAKEHHOMY BO3PACTAHUIO pa3-
VIOPSIIOUYEHHOCTH CTPYKTYPHI ac(albTeHOB, KOTOpast
XapakTepu3yercs mapamerpamu R, u R,. VBenunueHue
3HaYEHUH napamMeTpoB R, U R,, a TaK)Ke HHTEHCUBHOCTH
nuka D1 (cM. Tab1. 4) OTHOCUTENIBHO APYTUX ITHUKOB CBU-
JIETENLCTBYET O BHECEHUH JIOTIONHUTENBHBIX Je(PEKTOB
B CTPYKTYpY ac(aibTeHOB, UYTO MOATBEPIKAACT TPEIIO-
JIOKEHHE 00 MX pa3pyLICHUH B IPOIECcCe KaBHTAIHOH-
HOI 00paloTKH.

Crnemyer OTMETHTh, 4YTO Ipu 00pabOTKe Ma3sy-
Ta B NPUCYTCTBUU JCKAINHA 3aMETHBIX W3MCHCHHU

napameTpo R, u R, He nHabmonanoch (obpasen 4,
Tabm. 3). BepostHO, 3TO MOXET OBITh CBA3aHO C TEM, YTO
JCKaJiH, o0nanas 0ojee BRICOKOW TeMIICpaTypor KuIe-
Hus 1o cpaBHeHUIO ¢ [IB®D (Ha 190-220°C), B ycnoBuax
KaBUTAIIMOHHOW 00pabOTKM MEHee CKIIOHEH K aKTHBHO-
My 00pa30BaHHIO KABUTAIIMOHHBIX 3aPOJIBIIICH U HHTCH-
cuduKamu mpoiecca.

SAKJTIOYEHUE

[ToyueHHble pe3yabTaTl KOCBEHHO ITOATBEPKAAIOT
IIPEONIOKEHNE O (POPMHUPOBAHMH KaBUTAIMOHHBIX ITy-
3BIPHKOB Ha TPAHUIAX pa3zaena (a3, KOTOPEIMU B HEPTU
U TsoKebIX Hedrenpoaykrax siBisitorcsi CCE. B cBs-
31 C OTHM JECTPYKTHBHOE BO3JEHCTBHE 00pabOTKH,
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B TIEPBYIO Ouepelb, HAMPaBICHO Ha KOMIIOHEHTHI, (op-
mupytomue CCE. B pe3ymbrare aecTpyKiuu CcMOI
1 acanbTeHOB M3MEHsEeTCs TPYNIIOBONH COCTaB Ma3yTa
(cHMWXaeTcs AOIsA cMON M ac(aJbTeHOB, ac(aabTCHBI
CTaHOBATCS OOJiee apOMATH3HPOBAHHBIMHU, & MAaCIISTHBIC
(hpaxum o0oraiarTcs HaChIIEHHBIMH YTITIEBOAOPO/Ia-
MH) U €r0 PEOJOTHYECKUE XapaKTCPHCTUKH, YTO OTpa-
JKaeTcs B CHIKEHUM BA3KOCTHU. YMEHBIICHUE pa3MepoB
anpa, hopmupyromero CCE, mpuBOIUT K TOMY, UTO JaXke
[OCJe peslaKCalliyl  MEKMOJICKYISIPHOTO B3auMOICH-
CTBUS MEXY SIIPOM U COJIbBATHBIMH CJIOSIMU, BA3KOCTHbIE
XapaKTePUCTUKN CHCTEMBbI HE BO3BPAILIAIOTCS 10 UCXOJ-
HbIX 3HaueHu. [lokazaHo, 4To mpeBapuTeIbHOE KOMITa-
YHAUPOBaHUE Ma3yTa ¢ HU3KOKHUIISIIUMU yTJIEBOJOPOAA-
MU uHTeHcuuuupyet mpoueccsl aectpykuuu CCE npu
KaBUTAIHOHHOM BO3/ICHCTBHUH.

bnarogapHocTtn

PaboTa BBIMOIHEHA C HCIOIB30BAHHEM OOOPYAOBAHUS
entpa xommektuBHOTO monb3oBaHus PTY MUPDA
HpH ToJJIep>)kke MUHUCTEPCTBA HAyKH M BBICILIETO 00-
pasoBanus Pocculickoii denepanun B paMKax conialie-
uust Ne 075-15-2021-689 ot 01.09.2021 . ABTOpHI BBI-
pakaroT 0JIaroJapHOCTb COTPYAHUKAM Kadeapsl GU3UKN
U TEXHUYECKOM MEXaHUKHU I/IHCTI/ITyTa TMEPCHEKTUBHBIX
TEXHOJOTUH W WHIYCTPHAIBHOTO IPOTPAMMHPOBAHHUS
PTY MUPDA A.Jl. Makcumony u H.A. CanxapoBcKOMy
3a cHsaTHe criekTpoB KP npemocTaBieHHBIX 00pa3Ios.
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OB30PHA4A CTATbYA

O030p COBpPEeMEeHHbIX TEXHOJIOrni
npous3BoACcTBa 3TUNOEeH30Na

JL.A. Xaxun, C.H. IToranosa™, E.B. Koposes, C.M. Macoya, JI.B. CBeTuxon
000 «Obvedunennwvitl yenmp ucciedosanuii u pazpabomoxy, Mockea, 119333 Poccus

™ demop ons nepenucku, e-mail: PotapovaSN@prdc.rosneft.ru

AHHOTaUus

Hesmn. Dtunbenson (3b) — BakHBIA MPOMEKYTOUHBIH MPOAYKT Ul MOTYYEHUs CTHpoa. (s mpOoU3BOACTBA CTHPOIIA MCIONB3YETCs
60ubIIast YacTh MPOU3BOANMOTO B Mupe Ob. MeHbllee ero KOIU4ecTBO YHOTPeOIIeTCs B KaeCTBE PACTBOPHUTENS MM ISl TIPOM3BOI-
CTBa APYTHX XUMUYECKUX BemecTB. Llenb qanHoi paboThl — MPOBECTH 0030p COBPEMEHHBIX TEXHOJIOTHH Mpou3BoacTBa JOb.

Pesyabrarsl. [Tokazano, 4to xuakodasHelii nporece nonydeHus OB ¢ UCIoNb30BaHNEM LEONUTCOASPIKAIINX KAaTaIH3aTOPOB sl ajl-
KAJIUPOBAHUS M TPAHCATKUIMPOBAHUS SBISETCS Haubolee MepCHeKTHBHBIM MOAXOAOM K MPOM3BOACTBY Db BelencTBHEe MakcHMallb-
HOM mpoCTOTHI U 3G PeKkTUBHOCTH. Mcmonb3yeMble EOTUTCOIepKallie KaTaau3aTophl 0 CPAaBHEHMIO € KUAKO(DA3HBIMHU KaTalH3aTo-
paMu alKUIHUPOBAHUS, HAIPUMED, XJIOPUCTBIM ANOMUHHUEM, OTIIMYAIOTCS BHICOKONH aKTMBHOCTBIO, CETEKTUBHOCTBIO, CTAOUIBHOCTEIO,
YCTOMUYHMBOCTBIO K NMPUMECAM; KPOME TOTO, OHH HEKOPPO3HMOHHOAKTHUBHBI, SKOJOTUUHBI, PETEHEPHPYEMBI, XapaKTEPU3YIOTCSI BBICOKHM
Me)XpereHepaloHHbIM MTpoberom. bonee monounsl mponsBoxumoro Db B Mupe momydaroT no TexHonornn EBMax ¢ ncnons3osa-
HUEM KaTaJu3aTopa Ha ocHOBe IeonuTa cemeiictBa MWW (MCM-22). TexHomorus mo3BoJisieT UCTIONb30BaTh HU3KOE COOTHOLICHUE
OeHzona K TuieHy (0T 2.5 10 4), 4TO CHH)KAeT CKOPOCTh UPKYIALNH OCH30I1a, HOBBIIIAET 3PPEKTUBHOCTh U CHUKAET MPOITYCKHYIO
CIOCOOHOCTH KOJIOHHBI JUTs U3BNedeHHs OeH30ma. OCHOBHAs YaCTh COBPEMEHHBIX HCCIIEJOBAHUM B 00J1aCTH TEXHOIOTHH AKUINPOBa-
HUs GeH3oma >TUiIeHoM B Ob CBfA3aHa ¢ CO37aHMEM M HCTIONb30BaHUEM LEONUTCOAEP KAIINX KaTall3aToOpOB, MPEACTABIAIOMUX COO0M
TBEP/Ible MOPUCTBIE CHCTEMBI, COJIEPIKAIIME AKTUBHBIH KOMIIOHEHT U CBA3YIOIEE BEIIECTBO. AKTHBHBIM KOMIIOHEHTOM CITy’KaT I1€OTUTHI
USY, Beta, mopaenut, ZSM-5, ZSM-11, ZSM-12, ZSM-23, ZSM-35, ZSM-48, MCM-22, MCM-49. [IpeanouTuTenbHble KaTaIu3aTOpPbI
aIKMJIMPOBAHUS BKIIIOYAIOT 1eonuT Beta nnm neonut cemeilictea MCM-22. CBs3yIOIIMMHU BEIIECTBAMU SIBISIOTCS OKCHI aTIOMHUHHS
Al,O,, muoxenn kpemuus SiO, umu amopubliit anromMocuinkar. CoBpeMEHHbIC MCCIIEI0BAHMS TAKKe MOCBAIICHBI CIOCO0aM CO3aHuUs
LEOTUTHBIX MaTepHanoB, MMEIOMINX YBETHUEHHYIO IUIOIMIAAb ME30MOPUCTON MOBEPXHOCTH, MyTEM PAa3IUYHBIX 00PaOOTOK MCXOIHOTO
LICOIUTHOTO NPEIIeCTBeHHUKA, BKITIOYAIOIINX KOMOMHALIMY KUCJIOTHOI 00paboTKH, 00paboTKK MOBEPXHOCTHO-aKTHBHBIMH BEILIECTBA-
MH C TOCIeayoeil o6paboTKoH 1IeI09HbIM pacTBOpoM. [IpuBeneHb! cOBpeMeHHbIe pa3paboTKU B 00IACTH CO31aHHS HOBBIX POCCHM-
CKHUX KaTaJan3aTOPOB alKUINPOBAHUS U TPAHCATIKUINPOBAHHUS JUIst omyueHus Ob.

BeiBoasl. [IpousBoactBo Db u panpHeiee pa3BUTHE TEXHOJIOTHUH MOJYUSHHs KaTaIn3aTOPOB JUIsl €ro MPOU3BOACTBA UMEIOT BaXKHOE
3Ha4yeHue B Poccun u Oopiioii norennuai. [IpernmyiiecTBoM obagaeT TEXHOIOTHS JKUIKO(DA3HOTO aJKUIMPOBAHHS B IPUCYTCTBUH
COBPEMEHHBIX BbICOKOAKTHBHBIX LIEOIUTCOAEPIKALMX KaTalIN3aTOPOB.

KnioueBble cnoea Moctynuna: 13.11.2024
STHGEH3071, CTUPOJI, ANKUINPOBAHKE, TPAHCATKIITUPOBAHHE, IIEOTHTHI, AopaGoraHa: 17.01.2025
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Abstract

Objectives. Ethylbenzene is an important intermediate for styrene production. Most of the ethylbenzene synthesized worldwide is used
to produce styrene, with smaller amounts used as a solvent or for the production of other chemicals. This article reviews contemporary
technologies for the production of ethylbenzene.

Results. The liquid-phase method of ethylbenzene production using zeolite-containing catalysts for alkylation and transalkylation
exhibits the highest efficiency and simplicity. In comparison with liquid-phase alkylation catalysts, e.g., aluminum chloride, zeolite-
containing catalysts demonstrate high activity, selectivity, stability, and resistance to impurities. In addition, they are non-corrosive,
environmentally friendly, regenerable, and have a prolonged cycle length between regenerations. More than half of the ethylbenzene
synthesized globally is produced by the Badger EBMax process using a catalyst based on zeolite of the MWW family (MCM-22). This
technology enables a low benzene to ethylene ratio (from 2.5 to 4), which reduces the benzene circulation rate, increases efficiency,
and reduces the column throughput for benzene extraction. The main part of contemporary research in the field of benzene alkylation
with ethylene into ethylbenzene is associated with the creation and use of zeolite-containing catalysts, which are solid porous systems
containing an active component and a binder. The active component is USY, beta, mordenite, ZSM-5, ZSM-11, ZSM-12, ZSM-23,
ZSM-35, ZSM-48, MCM-22, and MCM-49 zeolites. Among the preferred alkylation catalysts are Beta zeolite or zeolite of the MCM-22
family. The binder is Al,O5, SiO,, or amorphous aluminosilicate. Current research also focuses on methods for creating zeolite materials
with an increased mesoporous surface area by treating the initial zeolite precursor using various technologies, including combinations
of acid treatment and surfactant treatment followed by alkaline solution treatment. Contemporary developments in the field of domestic
alkylation and transalkylation catalysts for ethylbenzene production are presented.

Conclusions. The production of ethylbenzene and the further development of technologies for obtaining catalysts for its synthesis are
highly promising and important directions in Russia. The technology of liquid-phase alkylation in the presence of contemporary highly
active zeolite-containing catalysts offers significant advantages.
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BBEAEHUE

Cpenu MHOTOYHCIICHHBIX MPOLIECCOB He(pTeXuMuye-
CKOTO CHHTE3a MPOM3BOJACTBO dTHIOeH301a (Ob) 3aHu-
MaeT OfHO U3 BEAYLIUX MECT, MOCKOIbKY Ob sABmisercs
B)XHBIM IIPOMEXKYTOUHBIM TPOAYKTOM JUIsl MOJIYUICHUS
ctupona. B 2023 r. oOmipie MUpOBBIE MOIIHOCTH IPO-
U3BOJICTBA 3TOT0 XHUMHUYECKOTO MPOAYKTa COCTaBUIU
48 muH. T/rox! ¥ BO3pacTaroT OBICTPHIMH TEMIIAMH —
Ha 4-5% B rozg?.

1

[Tomyuennem mnomuctupona depes Ob 3annma-
1orcst  upmbl  Chevron  Phillips  Chemical (CIHIA),
LyondellBasell (Hunepnaunsi), Honeywell (CLLA),
Ineos (BemukoOputanus), Dow Chemical (CUIA),
DuPont (CILIA), Shell (BenuxkoOpuranus), TotalEnergies
(Opanuus), Versalis (Mranust) u npyrue.

B Poccunm mpowmsBoactBo OB  ocymecTBusieTcs
AO  «Cubyp-Xumnpom», OAO «lasnpom Hepmexum
Canasam», OAO «Huocnexamckuegpmexum» u OAO
«AHeapckuti  3a600  noaumepos», HO CyMMapHas

https://www.statista.com/statistics/1063696/global-ethylbenzene-production-capacity/. [lata oopamenus 28.06.2023. / Accessed June 28,2023.

2 ICB Americans Chemical Profile. 2007. URL: www.icis.com. Jlara obpamienus 16.05.2024. / Accessed May 16, 2024.
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0O630p COBPEMEHHbIX TEXHOOMMIA
npou3BoAcTBa aTunbeH3ona

J1LA. XaxuH
n op.

MOIIHOCTh TpousBojcTBa Db B Poccum cocrasnser
mts opsinka 860000 t/rox (1.7% ot MupoBoit) [1].

B mupe cymectByet 70 yCTaHOBOK IO IPOU3BOACTBY
OB, u3 Hux 17 1o cux nop padoTalT Ha TOMOTEHHOM Ka-
TanM3arope — XJIOPU/E aTIOMUHUS, 28 TPUMEHSIOT Ta-
30(ha3HYI0 TEXHOJIOTHIO C MCIIOIb30BAHUEM T'€TepOreH-
HBIX IICOJIMTCOACPIKAIINX KaTaln3aTopoB U 25 — OGonee
COBpPEMEHHYI0 JXuaKo(pasHyo [2].

B mnacrosmee BpemMsi Ha HEKOTOPBIX MPEANPUSATH-
ax B Poccun Bce erie MCMONb3yeTcs alKUIMPOBAHUE
Oenzonma HstmieHOM 10 MeTtoxy Monsanto—Lummus
C  WCIOJIb30BaHMEM TOMOIE€HHBIX  KaTajJu3aTopoB
Opunens—Kpadrca Ha 0CHOBE XJIOPUCTOTO ANFOMHUHUS,
Hanipumep, Ha OAO «Aneapckuil 3a600 NOAUMEPOBY
(BBeneH B 1977 r., momHOCTh ycTanoBku 55000 T/roxm)
u Ha OAO «Huoichexamcxknegpmexum» (BBeneH B 1977 1.,
BopoHexckuii  ITPOEKTHBI  WHCTUTYT, MOIIHOCTH
345000 1/rom)?.

KpoMme 0CHOBHOM peakiuyu aJIKUJIMPOBAHUS, HA XJIO-
pume aTOMHHHUS TPOTEKACT PsA MOOOYHBIX pEaKIHid
C IMOJyYeHHEM IMOJIMAIKWIOCH30JI0B (AU-, TpH-, TETpa-
STUIOCH30JI0B), KOTOPBIC UCIIOIB3YIOTCS JUIS IOy YCHUS
IIEJICBOTO IIPOAYKTA 38 CIET COBMEIIICHHS PEAKIINH aJIKU-
JUPOBAHUA C peakuuell nepeankuinpoBanus. Peakuus
NepeaJKmwInpOBaHus oOparuMa, MO3TOMY TOJIMAJIKHII-
OCH30JBI TIOCTIC BBIACICHUS W3 alKWiaTa PerupKyId-
pytoT ¢ nenbio nonyueHus Ob. OnHako ucnoab30BaHKE
XJIOpU/Ia aOMUHHSI CO3[aeT OOJIbIIIOE KOIUYECTBO
TEXHOJIOTUIECKNX, SKOJIOTHUECKUX M IKOHOMHUYCCKUX
npo0JeM, CBSI3aHHBIX C BBICOKOW KOPPO3MOHHOW ax-
TUBHOCTBIO XJIOpUAA AJIFOMUHUS U €r0 TOKCUYHOCTLIO,
CIIOKHOCTAMH TIPH €T0 XpaHCHWH, WCIOIb30BAHUU
U YTUIW3aLUUHM, C HEIOCTaTOYHO BBICOKOM CEJIEKTUB-
HOCTBIO Tpollecca Ha XJIOpUJE aTtOMHUHHS (CEJIeKTUB-
HOCTh CTaIW{ QJIKWINPOBAHUS OOBIYHO COCTABIACT
10 70%) [3, 4] 1 60ABIIUM KOJIMYECTBOM CTOUHBIX BOJ,
B TOM 4YHCJIC KUCJIBIX, Tpe6yfouu/1x 3arpar Ha UuX OUYUCTKY.

PemerreM HaKOMMBIIMXCS TEXHOJOTHYECKHX IIPO-
OneM sxkuako(a3HOW TEXHOJIOTHU aKUIIUPOBAHUSI C HC-
IMOJIb30BAaHUEM XJIOpUJa AJIFOMUHUS SABJISICTCA IICPECBOJ
CTaINi aJKWINPOBAHUS U TPAHCAIKIIMPOBAHUS Ha Te-
TEPOreHHbIE LEONUTCOJACPKALLIUE KaTaau3aTopbl, MpU
HCIOJIb30BAHUHU KOTOPBIX YIIPOIIACTCA TEXHOJIOTUA CUH-
Te3a Db, CHMKAIOTCS 3aTpaThl Ha MOATOTOBKY CHIPHS,

IIPOMBIBKY PEaKLIMOHHON MacChl U HEUTPAIU3aLUI0 KUC-
JBIX CTOYHBIX BOJ, 3HAYUTEJIbHO CHMIYKAETCS KOPPO3Us
obOopynoBanus. Ha maHHBII MOMEHT UCIIOJIb30BaHUE Lie-
OJIMTCOACPKAIINX KaTaln3aTOPOB IS ATKMIUPOBAHII
U TPaHCAJKWINPOBAHUS SBISETCS HamOoee MepCIiek-
THBHBIM IOJIXOZIOM K MPOM3BOACTBY DB,

LeomuTconepkamye KaTajau3aropbl  CTAOWIBHBI,
YCTOMUMBBI K HPUMECSAM, BBICOKOAKTUBHBI, CeJleK-
TUBHBI, OKOJIOTUYHBI, PEreHEpUpyeMbl, XapaKTepu-
3YIOTCSl BBICOKUM MEKPETCHEPAIIMOHHBIM TIPOOETOM.
[IpeumyiiecTBaMi MX HUCHOJIB30BAHUS TAKXKE SIBIISETCS
OTCYTCTBHE OTXOJOB M BO3MOXHOCTH HCIIOJIb30BaHUS
YIJIEPOAUCTON KOHCTPYKLIMOHHOM CTajIH.

Wwmenno Gmaromapst TOMy, 9TO YCTaHOBKH HA OCHOBE
TOMOT'€HHOIO KaTaJln3aTopa UCHOJIb3YIOT )KUIKO(Da3HYIO
TEXHOJIOTHIO AKUIMPOBAHMUS, UX IEPEBOJ] HA COBPEMEH-
HYIO )XKUAKO(]A3HYIO TEXHOJIOTHIO C IICONUTCONCPIKATIIM
KaTaJu3aToOpoOM MAaKCHUMalbHO NPOCT U IPPEKTHBEH.
[Ipu momoGHOM HepeBoOsie BHICBOOOXKAACTCS YacTh 000-
pyIOBaHHS pPEKTU(PUKAIMH, KOTOPOE MOXET OBITh HC-
MOJIb30BAHO B APYTOM MOA0OHOM TEXHOIOTHYECKOH cxe-
Me JUIsl peKTH(UKAIIUU TIOTOKOB [5].

ITepexon Ha 1IEOMUTHBIE TEXHOJIOTHH cUHTE3a Db yike
OCYIIECTBJIEH KakK 3a pyOexoM, Tak M Ha MpelrpusTH-
ax Poccun («lasnpom nepmexum Canasam» B 2003 T.
u «Cubyp-Xumnpom» B 2010 1. [5]). 3a 20 et padboTHI
HAKOIUICH CYIIECTBEHHBIN OMBIT PadOTHI C EOIUTCOAEP-
JKAIMHU KaTaln3aTOpaMH.

Heckonbko ner Hazan Ha npennpustan «l asnpom
negpmexum Canasamy» B Poccun BHeIpeH mporecce Imo-
aydenust Ob B mporecce razoasHOro aJKUINPOBAHUS
OeH301a JTHJICHOM Ha IICOJIMTCOACPIKAIIeM KaTaln3a-
tope EBEMAX-1 (Clariant, IlIBeiinapus), obecreun-
BAIOIIEM CEJIEKTUBHOCTh 00pa3zoBanus Db B quanazoHe
87.4-91.0% [6]. TexHosnorus mpenycMarpuBaeT BbICO-
kue temneparypsl npouecca (370-420°C), BcneactBue
YEero yBENIUYHBAIOTCA JHEPro3aTpaThl, BBIXON MPOIUII-
n OyTHIIOCH30I10B (ITpuMecei), HabroaeTcs 0olee HU3-
Kuii BbIX0J Db M MeHbIIMHA CPOK Iy ObI KaTajau3aropa
10 CPABHEHUIO C XKUIKO(PA3HBIM IPOLIECCOM.

B staBape 2022 1. Obli1a BBITYIICHA ITEPBast IPOMBIIIIICH-
Has maptusa poccuiickoro karanuzatopa KT-I'A-1 Ha oc-
HoBe 1eonuta cemeiictBa MFI (anm1. Mobil-type Five)
(ZSM-5, anrn. Zeolite Socony Mobil-5°) mis mporecca

Poccuiickuit Hedrerazoxumuueckuii popym. I'a3. Hedrs. Texnomornu. XX VI mexaynaponnas BeictaBka. 22-25 mast 2018 . Ya. [Russian

Petrochemical Forum. Gas. Oil. Technologies. The 26th International Exhibition. May 22-25, 2018. Ufa.]

Orunbenzon. CrnpaBoyHuK nocraBuimkoB. Aboutcompanies.ru. URL: http://b2bpoisk.ru/mponykims/stundenson. [lara oopamenns 05.05.2024.
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ra3o(azHOTO aIKHINPOBaHUS OCH30J1a ATHIIEHOM B Db.
C 19 wuromst 2022 1. HAa4aTHl OMBITHO-TIPOMBIIILICHHBIE
UCTBITAHHUS KaTallu3aTopa, KOTOPBIC MPOIOJHKAIOT-
cs 10 HaCTosIIlee BpeMs. 3a MEepBBIA Troj SKCIUIyaTa-
OUU CTajJ0 OYEBUAHO, UYTO POCCUUCKHI KaTajn3aTop
HE yCTyMaeT UMIIOPTHOMY aHAJIOTy 10 BCEM IToKa3are-
JISIM. TaK, IIpU UCIIOJIB30BaAHUU ABYX KaTaJIU3aTOPOB —
nvroptHoro EBEMAX-1 u poccutickoro KT-T'A-1 —
koHueHTpauuss Ob B Ob-pexrtudukare cocrapuser
99.76 u 99.85% cooTrBeTcTBeHHO. CENEKTUBHOCTH 00-
pazoBanust Ob nHa karanmmzarope KT-I'A-1 cocraBusier
86.9-90.4% [6].

BricokocenekTHBHBIN KUAKO(A3HBIH MPOIecc Mo-
ayuenuss OB mo texHomormn EBMax (Gomee 99%)7
o siuteH3uu ¢pupmel Badger Licensing (CLLA) peanu-
30BaH B Poccum xommanueit «Cubyp-Xumnpom» (Mor-
HOCTh 230000 T1/rom). B TeXHONOTMH HCIONB3YIOTCS
LEONUTHBIC Karanu3aTopel ExxonMobil, conepkariue
reonuThl cemeiictBa MWW (annt. Mobil twenty two)®
(MCM-22, anrn. Mobil Composition of Matter No. 22).
Komnanust ExxonMobil (CILIA) nponomkaeT ocTaBaTh-
Cs OJHUM M3 BEAYIIHUX IMOCTABUIMKOB KaTaJIU3aTOPOB JIA
npousBoacTBa Db B Mupe. C 2001 r. moutn nBEe TpeTn
BCEX HOBBIX M 3aMEHSEMBIX MOIIHOCTeH Db Obutn -
LIEH3UPOBaHbl KOMIaHuel Badger Licensing u MCHOINb-
3yIOT Kartanu3aTopbl ExxonMobil. Ha katamm3aTopbl
ExxonMobil B npoueccax Badger EBMax u Badger
Vapor Phase® npuxongurcs 6onee 56% MHPOBOTo mpous-
BoJicTBa Db m Gonee 20 MITH METPUYECKHX T/TOJI.

Ha NPEAIPUATUI «Huoicnexkamcxneghmexumy»
¢ 2023 r. Hayasach MOJEPHHU3ALMS Yy3J7a aJKHIHPO-
BaHMS O€H30a C TIEePexXolOoM Ha IICOJIUTCONIEepIKa-
IIMA KaTajJu3aTop C MOBBIIICHHEM MOIMHOCTH 10 Db
1o 350000 1/ron mo Texuonorun Lummus/UOP EBOne.
B 2021 r. «Huorcnexamcknemexumy 3aKIOUNAI COTIIA-
menue ¢ ¢upmort Lummus (CILIA) Ha nuneHsupona-
Hue texHonoruii momydenus Db (EBOne) u crupona-
moHoMepa (CLASSIC SM). Bputn npennpruHATHl YCHITUS
[0 YMEHBUICHUIO 00pa30BaHMs MOOOYHBIX IMPOLYKTOB
IIyT€M HU3MEHEHUS YCIOBUU pEeaklUH, HO TOJIBKO C IIO-
SIBJICHHEM JKHAKO(A3HBIX W CMEIIAHHBIX TEXHOJOTHH,

paboraronmux rnpu Temreparypax Hmwke 270°C, nporec-
CBI, KaTaJI3NUpyeMbIe LECONUTOM, ACHCTBUTEIBLHO CTalTH
CHOCOOHBI MTPOU3BOAUTE Db BBICOKOI YMCTOTHI. 3aIryck
ycranoBok Db-350/CM-400 Oyaer ocymiecTBIsSTbCS OJ1-
HOBpEMEHHO ¢ HOBOM yctanoBkoi DI1-600-1 (3arumanu-
poBaHO Ha Havayo 2026 r.)! %1112,

B crarbe paccMOTpeHBI COBpPEMEHHBIE TEXHOJIOTHH
pou3BojcTBa Db, TIaBHBIM 00pa3oM, XHIKO(Da3HbIC
TEXHOJIOTUM C HCIIOIB30BAHUEM IIEOJINTCOACPIKALIIX
KaTaJln3aTOpPOB U TPEJICTABICHO CPaBHEHHUE U3BECTHBIX
TexHonorui nonyyeHus Ob.

1. TEXHOJIOr'MN NPOU3BOACTBA 9b

CrenuduKoil UCIOJIb30BaHUsI LIEOIUTCOAEPKAIINX Ka-
Tanu3zatopoB cuHTe3a Ob sBisercs nposeneHue pe-
aKUMP aJKWIMPOBAaHUS M TPaHCAJKWIMPOBAHUS B OT-
JeJIbHO ~ CTOALIMX  pekropax. Lleonurconepikaiine
KaTaJlM3aTopbl HCHOJB3YIOTCS B Mpoleccax IMoiryye-
Hus Db, Haumnas ¢ 1980 rr. B razodasHom mporecce
u ¢ 1990 rr. — B xuakodazHoM. Pa3zpaboTkamu 1eoauT-
CoZiep>KalNX KaTaJu3aTopoB 3aHUMAIHCh Gpupmel UOP
(CIIA) u ExxonMobil (CI111A). Kommanust Mobil-Badger
(CIIA) BHempmia mepBbiii ra3oa3HbId MPOIECC allKU-
TUPOBaHUs OCH30JIa ATUJICHOM C UCIOJNB30BAaHUEM Ka-
TaJau3aTopa Ha OCHOBE CPEIHENOPUCTOrO LEOIUTa THIIA
ZSM-5, HO, B CBSI3U C OCOOCHHOW CTPYKTYpO# JaHHOTO
[eoJIuTa U JUIsS IpeoioieHus AU((Y3NOHHBIX OrpaHu-
YEHUH B HEM, TEMIIepaTypa aJIKUJIMPOBAHUS COCTaBIIUIA
6onee 400°C.

DTOT Karamu3arop XapaKTepHu3yeTcsl CTPYKTYpoi
[IEPECEeKAIOIUXCSA TEPIEHIUKYIAPHO KaHAJIOB C IIf-
THYWICHHBIMU KOJbIIAMH B OCHOBaHuH. Llcomutr ZSM-5
MOKa3bIBaJ BEICOKYIO aKTUBHOCTh U YCTOWYHMBOCTH K Jie-
3aKTUBAIMN KOKCOM B Ta30(a3HBIX mpormeccax. OmxHako
C Pa3BUTHEM XHIKO(PA3HBIX TEXHOIOTHHA €ro MCIIOIh30-
BaHHWE B AJIKMJIMPOBAHUU CHU3MJIOCH U3-3a HEJAOCTATOU-
HOW aKTUBHOCTH M CKIIOHHOCTH K OBICTPOH JIe3aKTHBa-
nuu. BmecTte ¢ TeM, OH MPOAOIIKAET HCIOIB30BATHCS
B ra30(ha3HbIX yCTaHOBKAX, 0COOEHHO Ha CTaJMU TPaHC-
AIKWINPOBAHUSL.

Ipesenramust EQUATE Petrochemical Company. https://www.slideserve.com/laith-nunez/eb-plant-equate-petrochemical-company. [lara

obpamenus 10.01.2025. [Presentation of EQUATE Petrochemical Company. https://www.slideserve.com/laith-nunez/eb-plant-equate-petro-

chemical-company. Accessed January 10, 2025.]

(or lamellar) zeolite with a honeycomb-like structure.

09.01.2025. / Accessed January 09, 2025.

MWW — TOHKOCIOUCTBII (M TUIACTHHYATBII) [EOIUT, UMEIOIUH CTPYKTYPY, HAIIOMHHAIOIIYIO muenuHbie coTbl. [MWW is a thin-layered

https://www.exxonmobilchemical.com/en/catalysts-and-technology-licensing/benzene-alkylation/ethylbenzene-alkylation. [lara obpameHus

10" https://smart-lab.ru/blog/859787.php. Jlara obpamenns 17.05.2023. / Accessed May 17, 2023. (In Russ.).

Accessed July 02, 2025. (In Russ.).

pamenus 17.05.2023. / Accessed May 17, 2023.

https://www.sibur.com/ru/press-center/news-and-press/sibur-postroit-dva-novykh-proizvodstva-v-nizhnekamske-/. Jlara obpamuienus 02.07.2025. /

https://www.ogj.com/refining-processing/refining/article/1420224 1/nknk-lets-contract-to-expand-existing-tatarstan-olefins-complex. [lara 06-
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0O630p COBPEMEHHbIX TEXHOOMMIA
npou3BoAcTBa aTunbeH3ona

J1LA. XaxuH
n op.

B Hacrosiee Bpemst B ra3o(ha3HbIX Mporieccax UCIob-
sytoresi  Kataimzatopel EBEMAX-11/EBUF-1  dupmbl
Clariant nmna ankwipoBanus 1 EBEMAX-2/EBUF-2
JUI TPAHCAJTKWIMPOBAHUS, a B MareHTe [7]| MpeasiokeH
CIIoco0 TIOMYUYCHHS IICONUTCONIEPIKAIEro KaTaanu3aTopa
IKWIMPOBAHUS OEH3051a 3THIIEHOM JiIsl ra3o(azHoro npo-
1iecca Ha OCHOBE IieonTa ZSM-5 6e3 CBS3YIOIIero.

Crnenyer OTMETHTh, UTO BBICOKas TeMIleparypa ra-
30(pa3HOTO AJIKUIUPOBAHUSA CHOCOOCTBYET peaKIUsIM
OITUTOMEPH3AIINHY, KPEKUHTa, H30MEPU3aIllii 1 TIePEHO-
ca BOJIOPO/IA, YTO BIMACT HA YHCTOTY MPOXYKTOBOTO Db,
Kpome Toro, y3ko- ¥ CpeIHENOpUCTbIE LIEOTUTHI B Ta-
30¢ha3HOM Tporecce momydeHus Db xapakTepusyroTcs
YCKOPEHHOW Je3aKTHBAIMEH H3-3a 00pa30BaHUs KOKCa
B pe3yjbTare OTJI0KEHUS Ha aKTUBHBIX LEHTpaX LIEe0JH-
Ta KPYIHBIX MOJICKYJ, MEUICHHO TU(PQYHIUPYIOLIHX
U3 TIOPUCTOH CTPYKTYPHI LICONUTA.

Henocrarkamu razodasHoro mnpouecca Takxe SBIs-
I0TCSL HM3Kas CEJIEKTUBHOCTb U BbIxox Ob. Hecmorps
Ha TPEANPHHATHIC YCHIMS IO YMEHBIIEHHIO 00pa3o-
BaHUS TOOOYHBIX MPOAYKTOB B razogazHoM Mpolec-
ce MyTeM H3MCHEHUS! YCIOBHH peakiu, 3(¢HEKTHBHO
nonyyarb Db Beicokoit umctotrsl (99.9 mac. %, ¢ co-
Jepkanuem Toiyona — 450 m.n., kymona — 100 m.x.,
nuatuinoensona (JI96) — 5 m.a., keumonoB — 10 m.x.)
IIO3BOJIMJIO TOJBKO mosBiieHne B 1990-x IT. KHUIKO-
(ha3HBIX MpoLEccoB, paboOTaOMIUX MPU TeMIleparypax
Hxe 270°C, mpenyaraeMblX CErofHs BEAYIIMMHU JIU-
neH3uapamu Texnonoruit Ob (Badger EBMax, Lummus
EBOne, Versalis). dns npeononenust nuddy3uOHHBIX
OTpaHMYEHUH B KUAKOPA3HOM MPOIECCE MCTIONb3YIOT-
Csl LEOJMTHBIC KATaIM3aTOPBI, COIEpIKAaIie IMIHPOKO-
MOPUCTBIE LEOIUTHl PACIPOCTPAHEHHBIX CTPYKTYPHBIX
tunoB FAU (anmn. Faujasite) u BEA [4] unu Gonee no-
pororo MWW.

OTH LEONHUTHI 00NATAI0T TPEXMEPHBIME CTPYKTypa-
MU C pPa3BETBIEHHOW CHUCTEMOH INOJIOCTEH U KaHAJIOB,
Y9TO CHOCOOCTBYET A(PPEKTHBHON KaTATUTHYSCKON aK-
TUBHOCTH M CEJIEKTUBHOCTHU peakuuil. Ha moBepxHoctu
U B MOpax I€0JIUTOB IIPUCYTCTBYIOT KMCIIOTHBIE LIEHTPBI
JIprouca u bpencrena, KOTOpbIe UTPAIOT KIOYEBYIO POJIb
B KaTayiuze ajkuiupoBaHus. Oco0oe BHUMaHHUE yaems-
€TCs KOJIMYICCTBY, JOCTYNHOCTU U CUJIC OTUX KUCIIOTHBIX
IIEHTPOB, MOCKOJIEKY OHHU OINPEICIISIOT 3PPEKTHBHOCTH
KaTajau3a B IENEeBbIX peaknusx. Tak, neoautr MCM-22
cTpykTypHoro tuna MWW xapakrepusyeTcst O0IbIIUM
00BEMOM TIOp, BBICOKOM KHCIOTHOCTBIO, XOpOILIeH TH-
JIPOTEPMANIbHON CTaOMIBHOCTBIO, @ TAaKXKE MOICKYIISIp-
HO-CUTOBBIMH CBOﬁCTBaMH, O6eCHe‘H/IBaIOHII/IMI/I BBbI-
COKYIO CEJIEKTHBHOCTH B IIpOIleccax aJKMINPOBAHUS
u TpaHcankmwinpoBanus [8]. OH oOmamaer OobIeit
CEJIGKTUBHOCTBIO, YeM MeonuT Beta, 4ro mpuUBOIUT
K MEHbIIEMy 0Opa30BaHHUIO IMOJUAIKHIOCH30JI0B U TH-
JKETIBIX TIPOIYKTOB.

[IpenmyiecTBamMu SKUIKO(A3HOTO MPOIECCa ANKH-
JTUPOBaHMS OEH30JIa STHICHOM IO CPaBHEHHWIO C Tra3o-
(ha3HBIM ITPOLIECCOM SIBJIIOTCS:

e CHWKCHHE dHeprosarpar Omarogaps 0oiee HU3KHM

TeMIIepaTypaMm IpoIiecca;

e yBelMYeHHE BbIXoAa Db U cenekTUBHOCTH ero odpa-
30BaHUS;

¢ yMEHBIICHNE BBIXO/IA TIOOOYHBIX IMPOTYKTOB;

e yBEJIMYECHHE CPOKA CIYXKOBbl U MEKpEreHepaluOHHO-
ro npobera Karananu3aropa.

B mponecce xuaxohasHOTo aaKWIMPOBaHUS OCH30-
J1a TWICHOM B MPUCYTCTBHM LIEOTUTCOACPKAIINX KaTa-
U3aTopoB, Hapsay ¢ Db, oOpasyroTcs Takxke Cleayro-
e MoOO0YHbIe MPOAYKTHL: MmonudTUiIOeH30mb! ([135),
B yactHocTH [IOb u Tpustundenszon (TOB), xcumomnst
u kymoi. JI9b u TOb Ha cTaguu TpaHCaIKWINPOBaHUS
MIPaKTHUECKHU MTOTHOCTHIO TpeBpammaioTcs B Db, B mpo-
IYKT€ OCTAlOTCs JIMLIb ClefoBble KonudyecTa JI9b, ko-
Topbie HOpMUpYIOTCs. Collep)KaHue HEOTJCIUMBIX TPU
PEeKTH(UKAINN KCHIOIOB U KyMOJa B MPOIYKTE TaKXkKe
HOPMUPYETCS.

CenextuBHOCTh TI0 Db B kuaKohazHOM Mpolecce
B TPUCYTCTBHH IEONUTCONCPKAININX KaTaJH3aTOPOB
(B wactHoCcTH, neonuTa Beta B H-popme), cocraBnser
He meHee 80% [4] u, Omarojapsi JONOJTHUTENBHON CTa-
IIMH SKUAKO(a3HOTO TPaHCANKWINPOBAHNUS, yAAETCs TIe-
pesectu octasiumecs 20% I19b B npoaykrossliit Ob.

Pa3zpaboTkoil 1eoNUTCOACPIKALIMX —KaTaIN3aTOPOB
U TEXHOJIOTHH TIPOIECCOB aTKMIUPOBAHISI OCH30JIa ATH-
JIHOM U TpaHcajkuiupoBanus 6enszona J19b B Poccun
paHee 3aHuUMaiCs I'po3HEHCKUH HE(DTSIHOW HAyIHO-HC-
CJIE0BATEIbCKUI UHCTUTYT, @ CEMYac aKTUBHO BEIYTCS
pabotsl B UHXC PAH 1 Hay4HO-TEXHHYECKOM LIEHTpE
000 «l aznpom negpmexum Canasamy [9]. Taxxe pa3pa-
OOTKOW HOBBIX TEXHOJIOTHH MOTYYECHHUS] CHHTCTHICCKUX
neonutoB 3aHumaercss OO0 «eonumuxay (. MockBa).
Wucturyt karanuza um. [.K. bopeckoBa Cubupckoro ot-
nenenust Poccuiickoit akanemun Hayk (r. HoBocnOupck)
AKTUBHO TPOBOAUT HMCCIEJOBAaHUS B 00JaCTH XUMHYeE-
CKOTO KaTaju3a U KaTaIuTHYECKUX MPOIECCOB.

OCHOBHAsI 9aCTh COBPEMEHHBIX HCCIICIOBAHUI B 00-
JaCTU TEXHOJIOTUH AJKWIMPOBaHHUs OEH30J1a ATHICHOM
B Ob cBsizaHa ¢ co3naHueM M UCIOJIB30BAaHUEM LIEOJIUT-
COZIEpIKAIINX KaTaJH3aToOpOB, MPEACTABISIONINX COOO0i
TBEp/bIe MOPHUCTHIE CUCTEMBI, COIEpIKAIIUe aKTUBHBIN
KOMIIOHEHT U CBSI3yIOlee BEMIeCTBO. AKTUBHBIM KOMIIO-
HeHToM ciryskat eosuthl USY (anr. Ultrastable Y), Beta,
MopneHuT, ZSM-5,ZSM-11,ZSM-12,ZSM-23,ZSM-35,
ZSM-48, MCM-22, MCM-49. [lpeanoururenbHble Ka-
TaNN3aTOpPhl ANKWIMPOBAHMS BKIIOYAOT IiconuT Beta
nmu 1eonmt cemeiictea MCM-22. Cesizyroliee Bellie-
ctB0 — Al,O4, SiO, nnu aMOpQHBIH ATFOMOCHIIMKAT.
[Tocne cmeniennst akTHBHOTO KOMIIOHEHTA ¥ CBSI3YIOIIE-
IO BEIIECTBA U3 MOJIYICHHOI MacChl (POPMYIOT TPaHYIIHL,
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KOTOPBIC 3aTEM BBICYHIMBAIOT U MPOKAJIMBAIOT. I/IHOF,Z[EI
3aTeM KaTalM3aTop IOABEPraloT MOAN(PHUINPOBAHUIO.
OOBIYHO coJepIKaHKE [IEOIUTA B KATAIN3aTOPaX COCTAB-
qsiet ot 60 1o 80 mac. % [10, 11].

B pabotax [12, 13] paccMarpuBaroTCsi CIOCOOBI CO3-
JAHUS [CONIUTHBIX MAaTePHAJOB, MMCIOMIUX YBEIHUCH-
HYIO IUIOINAb ME30TIOPUCTON MOBEPXHOCTH MO CPaBHE-
HHUIO C LEOJIUTHOM KOMIIO3UIMEH-IPEIIIECTBEHHUKOM,
13 KOTOPOH OH U3roToBiieH. OOpabOTaHHBIN LIEOTUTHBII
Marepuall JEMOHCTpUpYeT Ooliee BBICOKYIO IUIONIA/Ih
ME30ITOPHCTON IOBEPXHOCTH, Y€M KOMITO3HIIUS TIPE/IIIe-
CTBEHHHKA Karanu3aropa. TeXHOIOTUs MOXKET BKIFOYATh
00paboTKy KOMIO3HUIIMH TPEIIICCTBCHHUKA KaTanan3a-
TOpa, UMEIOIIYIO OONBIIYIO CTENECHb KPUCTAITHIHOCTH,
MIOBEPXHOCTHO-aKTUBHBIM BeriecTBoM (ITAB) B ycioBu-
X, 3((EKTUBHBIX AT CO3MAHUS WM YBEIUUYCHUS Me-
30IIOPUCTOCTH B KOMIIO3UIIMH MPEANICCTBEHHNKA KaTa-
nu3atopa. B kauecTBe mpenIiecTBeHHUKA KaTaan3aTopa
MOTYT OBITh HCITOIb30BAHbI MOJICKYJISIPHBIC CUTA C OOJIb-
IITUMU TTOpaMu, HarpumMep, reosut Beta, ieomut Y, USY,
yaerparuapodoousit Y (UHP-Y), meamromMuHmpoBaH-
el Y (Deal Y), mopaenut, ZSM-3, ZSM-4, ZSM-14,
ZSM-18, ZSM-20 1 ux cMecH.

JpyruM KilaccoM MarepualioB MOJCKYJSIPHBIX CHT,
KOTOPBIC MOTYT MPUCYTCTBOBATH B KOMITIO3UIIUU ITPEATIIC-
CTBEHHHKA KaTaJIM3aTopa B Ka4eCTBE IIEPBOTO BCIIOMOTa-
TEJILHOTO KOMITOHEHTA, SIBJLSIETCS TPYIIa ME30IOPUCTHIX
KPUCTAUIMYCCKUX MaTepUaliOB, MPHUMEPAMHU KOTOPBIX
siBistroTest Matepuaiisl MCM-41 u MCM-48. B [12] pac-
KPBITHI CIIOCOOBI 00pa0OTKH IIEOIUTHOTO MaTepraa I
YBEJIMYCHUS TIJIOIAaAn €Tro Me30H0pHCTOI71 TMMOBEPXHOCTU
C HCITOJTb30BaHNEM KOMOMHAIINK KUCIIOTHOW 00pabOTKH,
obpabotku [TAB ¢ nocneayromieii 00pabOTKON Ienou-
HBIM PacCTBOPOM.

Hcnonp3yemoe [TAB Moxer ObITh KaTHOHHBIM, Ha-
mpUMep, COIEpKaTh OIHY WIM HECKOJIBKO COJel all-
KWITPUMCTUIIAMMOHU S I/I/I/IJ'II/I OHYy HJIK HECKOJbKO
cojell MANKWITUMETHIAMMOHUS, JHOO HEHHOTCH-
HeIM. [IpuMepsl MOAXOMAMINX KOMMEPYECKH IOCTYII-
HbIX HenoHoreHusix ITAB Bkmtouarot, Hanpumep, ITAB
Pluronic™  (Pluronic ~ P123™)  mpousBoauMbIie
BASF Societas Europaea (I'epmanus).

Kucnotsl, ucnons3yembie aisi 00pabOTKH 1EOJIHTA,
MOTYT TIPECTABIATh COOOU JFOOBIC OpraHMYECKUE HITH
HeopraHuveckre (MUHEpaIbHBIC) KHCIOTHL. KommaecTBo
KHCJIOTBI, MCIONB3yeMOil B 0OpabaThIBalolleil cMecH,
MOYKET HAXOIUTHCS B AWAIa30HE OT ~3 10 ~6 MWLIU-
HKBUBAJICHTOB HAa IPaMM HCXOIHOTO IIEOJHTHOTO Marte-
puana. OOBIYHO KOJHYECTBO HCIOIb3YeMOW KHCIIOTHI
TakoBo, 4yTo pH oOpabarbiBaroIell cMecH HaXOIHUTCS
B quana3one 3—4. CMmech 3aTeM mepeMeninBaeTcs B Te-
yeHue nmpumepHo 2 4. Kpome Toro, oOpabarsiBaromas
CMeCh MOXET OBITh Harpera JIo TeMIeparypbl ot ~40
1o ~80°C.

[Tocne oOpaboTku neonura kucnoror u [1AB, yacts
MOJYYSHHOTO IIEOJUTHOTO MaTepualia, 00padOTaHHOTO
ITAB, u3BnekaoT u3 006pabaThHIBAIOIIEH CMECH U IMPO-
MBIBAIOT JIEMOHU3UPOBAHHOM BOJIOM OIWH WU He-
CKOJIBKO pa3. [locne BhIIENEHUs LEOIUTHBIA MaTepuall
MPUBOJAUTCS B KOHTAaKT ¢ OcHoBaHWeM. [lomxonsiuue
ocuosanus Bkaouaror NaOH, NH,OH, KOH, Na,CO;,
TMAOH u ux cmecu. B HekoTOpBIX BapuaHTax pea-
3allMU HCIIOJb3yEMOE OCHOBAaHHE MOXKET HaXOIUThCS
B (hopMe BOJHOTO pacTBOpa, UMEIOIIECTO KOHIICHTPAIIHIO
B nuanaszone ot 0.2 mo 15 mac. %. KonnuecTBo MCmoin-
3yeMOro OCHOBAHHUS B COOTHOIICHUH C UCXOJHBIM KOJIH-
YECTBOM MCXOJTHOTO IICOJIMTHOTO MaTepHalia COCTaBIseT
ot 0.1 mo 20 MMOIB Ha TPAMM HCXOJIHOTO IICOJTHTHOTO
matepuana. OOpaboOTKy LIEOIIMTHOrO Marepuaia, oopa-
6orannoro [1AB, ocHOBaHHEM MOXKHO TIPOBOJIUTH B YC-
JIOBUSIX TIOBBIIIEHHOH TEMITepaTyphl, BKJIIOYAs TEMIIepa-
Typy oT ~50 1o ~150°C, B Teuenue 1618 u.

ITocne 06pabOTKM OCHOBAHHEM MOJTYYEHHBIH ME30-
TIOPUCTBIN LIEOIUTHBIM Marepuaj BBIICISIOT MOCPEn-
CTBOM (DMJIBTPOBAHMsS, MPOMBIBAIOT W CyLIaT. 3arem
00paboTaHHBIH 1EONMUT (HOPMYIOT C KOMMEPUYECKH JIO-
CTYIHBIM CBSI3YIOIIMM Ha OCHOBE OKCHIA ATIOMHHUS
C MacCOBBIM COOTHOIIICHHEM ICONIUT/CBs3yromee 65/35,
SKCTPYAUPYIOT CMECh B KBAJPOJICTIECTKH Pa3MEpPOM
1/20 nro¥ima, cymiar sKkecTpyaarsl B Toke N, pu TeMIiepa-
Type 482°C 1 NpoKaJMBalOT BBICYIIEHHBIE HKCTPYAATHI
npu temneparype 538°C Ha Bo3ayxe.

YcTraHOBIIEHO, YTO 00pabOTKa IICOJIUTOB TPUBOIMT
K CO3JaHMI0 KaTaJUTHUYECKUX KOMIIO3ULUI C yBelu-
YEHHOW TUIOIIAABI0 ME30TIOPUCTON TMOBEPXHOCTH, YTO
MTO3BOJISICT CHU3UTH TEMITEPATypHI IIPOIecca TPAHCAIKH-
JUPOBAHUS U YBEIUYUTH KATATUTHUECKYI0 aKTUBHOCTh
KaTaJln3aTopoB.

P coBpeMeHHBIX pa3paboTOK, B TOM YHCIIE POCCHIA-
CKHUX, B 00JIaCTH COBEpILEHCTBOBAHHS MPOLIECCca KHUJIKO-
(basHOTO TpaHCATKUINpOBaHUs OeH3zoma J1Ob mocesie-
HbI CO3JAaHUIO0 M HWCIIONB30BAHHUIO MEONMHTHBIX [14, 15]
U neonurtcoaepxaumx [16, 17] karanuzaropoB Ha OCHO-
Be neojimra Y. Tak, HaunHas ¢ 2013 r. 1 mo HacTosIee
BpeMs Ha 3aBone «Monomep» npennpusatus «l aznpom
Hegpmexum Canasamy C yCIEXOM SKCILTyaTUPYyeTCs Ka-
tanuzatop Mapku KT-BC-1 — coBmecTHas pazpaboTka
000 «HTIL] Canasamnepmeopecunmez» n UHXC PAH
(r. Mockaa). Karanmuzarop KT-BC-1 — 310 m1y6oxo aeka-
THOHUPOBAHHBIM 1EONUT Y, HE CONlEpKaIllil CBSA3YIOIIUX
BEIIECTB, MPOM3BOICTBO KOTOPOro B Pocchm BO3MOXKHO
(ucxons m3 HaboOpa HEOOXOIMMOIO TEXHOIOTMYECKOTO
000pyI0BaHUsT) TOJBKO Ha Muumbatickom Kamaiuzamop-
Hom 3as00e (T. mmumbOait). 3ajada obecrieueHns: HeoOXo-
JMMBIX YCIIOBHH JUTS IPOU3BOJICTBA KaTalnu3aropa TPaHC-
ankunupoBanus Oenzona JIOb B OB, comocraBumoro
mo kadectBy ¢ karamuzaropom mapku KT-BC-1, Ho mo
MPUHIUIAAIGHO WHOM TEXHOJOTHH, OBLIA ITOCTaBICHA
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u perteHa B HT1] OOO «l aznpom Hepmexum Canasamy
(manee HTLI).

B xauecTBe anbTepHATUBbI KaTaln3aTopy TPaHCAIKH-
mapoBanus O6enzona JI9b mapku KT-BC-1 B HTL 011
pa3paboTaH KaTanmu3aTrop, TpaHyTHPOBAHHEBIN CO CBA3Y-
tomuM BeriecTBoM [18] (manee KT-CC). Karamuzarop
comepxut 80 mac. % neomura Y B kucnoraon H -opme
n 20 mac. % CBSI3yIOHIETO — OKCHAA aJIOMUHUSI.
IIpeumymectBo karanuzatopa KT-CC mepen ueonut-
HbIM KT-BC-1 coctout B TOM, UTO IPH €ro M3rOTOBIIE-
HUM UCHOJB3YETCs TPAAULMOHHAs TEXHOJIOTUS MOJTyye-
HUS LEOJIUTCO/IEPIKAIIUX KaTalIU3aTOPOB CO CBI3YIOLIUM
BCIECTBOM. B pesynprare katammsarop oOnamaer pas-
BUTOH BTOPUYHOM MOPHUCTON CTPYKTYPOMW, BBIMNOJIHSIO-
el TPaHCIIOPTHYIO POJb IPU MOABOAE PEarupyromux
BEIIECTB K aKTHBHBIM IIEHTPAaM KaTaju3aropa u OTBOJIE
IpOnyKTOB peakuuu. Kpome Toro, 3ToT Karanusarop
MOXET BBIIYCKaThCsl B HEOOXOIMMOM TOHHAXKE Ha JIIO-
0ol karanu3aropHoii padpuke Poccuu. Pazpaborannsblii
KaTaJu3aTop Ui Mpolecca TPaHCAIKWINPOBAHUS OCH-
3oma JI9b obecneunBaer koHBepcuio (Db Ha ypoBHE
82—-83% mnpu Beixoge Db B pacyere Ha MPOMYIIEHHOE
celppe 21-22 mac. %. DTH 1OKazaTelu CONOCTaBUMBI
C TIOKa3aTeJIIMU Ipoliecca NP UCIIONb30BaHUN KaTallu-
3aropa mapku KT-BC-1. BeipaboTana mapTus karaamusa-
TOpa, KOTOpast 3arpy’kKeHa Ha OJI0K TPaHCAIKIHPOBAHHUS
nexa Ne 46 3aBona «Monomep» B 2023 1.

Hwuxe paccMOTpeHBI OCHOBHBIC COBPEMEHHBIE TEX-
Honoruu nosyuenus Ob.

1.1. TexHonorusa Technip Energies/Badger
Ethylbenzene EBmax

[TapamensHO ¢ pazBuTHEM ra30(ha3HOTo Mpoliecca Momiy-
yenus Ob (¢ 1976 r) Ha karaym3zarope EM-3000 (ZSM-5),
xomnanust Mobil-Badger (ExxonMobil-Badger) pa3pa-
OoTana mporecc amKWIMPOBaHUS B KHUIKOW (haze moj
ToproBoit Mmapkoit EBMax. CyiiecTBeHHBIM TIpenMyIIie-
CTBOM TE€XHOJIOTUH SBISETCS UCIIOIb30BAaHUE B KAUECTBE
Katajauzatopa HoBoro neonura tuna MCM-22, pa3pa-
ooranaoro ExxonMobil, KOTOPBIA IPEBOCXOAMT IIEOTUT
Beta u neonut Y 1o cenekruBroctu [19]. Ha cerousimi-
HUH JIeHb Ha JIONI0 TEXHOIOTHH, pa3paboTaHHBIX KOM-
nanneit Mobil-Badger, npuxogutrcst okono 55% Bcero
npousBogumoro Ob u Gosee MoJOBUHBI U3 HEr0 MPOU3-
BoauTcs o Texnonorun EBMax [20].

C 1995 1. Texnosnorust EBMax Oblia nurieH3upoBaHa
40 pa3, KaK 17151 HOBBIX 3aBOJIOB, TaK M JUIsl pacCIIMPEHUs

W PEKOHCTPYKIIMH 3aBOJ0OB, OCHOBAaHHBIX Ha Ooliee paH-
HUX TEXHOJOTHSX '3,

Komnanust ExxonMobil sBisieTcsi OMHUM W3 BEIy-
IIMX TOCTAaBIIMKOB KaTanu3zaropoB Ob B mupe. C 2001 .
MOYTH JIBE TPETH BCEX HOBBIX M 3aMEHEHHBIX MOIIHO-
creii Db, NMUIEH3UPOBaHHBIX KOMIaHuew Badger, vc-
MONB3YIOT Karaiau3atopsl ExxonMobil. Tlo coctosHMIO
Ha 2017 r. xaramuzatopbl ExxonMobil ycTaHOBICHBI
npuMepHo y 35 xnmuentoB EBMax, 4To 1mo3BONMIIO TO-
CTPOUTH HOBBIE YCTAaHOBKH, a TaK)Ke MOJICPHU3UPOBATh
CTapble TEXHOJOTHH M PACIIUPUTH MOITHOCTH IO TIPO-
u3BoACTBY Db, B TOM uHcie Ha MHOTHX KPYHTHEHUIIHX
B MHpe ycTaHoBKax. Ha karanuzatopsl ExxonMobil npu-
xomutest 6onee 56% mupoBoro mpousBoacTBa b, mpe-
Bhinatoniee 20 MJIH METPUYECKHUX T/TOH, B Ipoleccax
Badger EBMax (BBICOKOCENEKTHBHAs IKUAKO(a3HAas)
u Badger Vapor Phase (razodasnas).

[TepBoe mpoMBILIUIEHHOE IPUMEHEHHE ITPoLIecca Ha-
yajock B 1995 1. B SInonun. IlepBoHavyansbHO mporiecc
TPaHCAJTKWINPOBAHUS MPOBOIMIN B Ta30BOH (haze, mpu
KaTajau3e LeoJuTOM Tura ZSM-5 1Mo aHaJOruu ¢ yxke
paboTalmuMu  yCTaHOBKAMH Ta30()a3HOTO  AKWIIH-
poBanus'4. Tlo3mHee, ¢ pa3pabOTKON KaTain3aTopoB
Ha ocHOBe Heonuta MCM-22, mpouecc Takxke craj
xunkodasaeM. B Tabn. 1 mpuBeneHsl OCHOBHBIE TIOKA-
3atenu npouecca EBMax m ucnone3yemble Karanausa-
TOPBI.

B mponecce EBMax OeH30m momaroT Ha JTHO 3a-
MTOJTHEHHOTO JKUAKOCTBIO MHOTOCIOWHOTO peakTopa.
OTuieH NoAalT BMeCTe ¢ OEH30JI0M, a TakkKe MEeXIy
ciosiMu Katanuzaropa. I19b, kortopeie cocrosT B oc-
HOBHOM u3 JIOB, monBepraroTcsi TpaHCATKUINPOBAHUIO
OEH30JI0M BO BTOPOM peakTope aisi oOpa3oBaHUS J0-
nonautensHoro Ob (puc. 1). OcoOeHHOCTRIO TEXHOIO-
run EBMax sBnseTcss MCHOJB30BaHUE PEAKIIMOHHOTO
3aLIUTHOTO CJI0S Karajau3aropa B CBA3H ¢ HEOOXOIUMO-
CTHIO IPUMEHEHUS JOPOTOCTOSIINX IEOTUTCONEPIKAIINX
KaTaJN3aTOPOB AJKMIIUPOBAHIS U TPAHCATKINPOBAHNIS
ExxonMobil na ocHoBe nieonura cemeiicrea MWW, uyB-
CTBUTEIBHBIX K MPUMECSIM KaTaJTUTUYECKUX S/I0B B ChI-
pre. Hanname B TeXHOIOTHH BBICOKOCEIEKTHBHOTO KaTa-
nmu3aropa Ha ocHoBe MCM-22 1o3BOJISIET HCIIONIB30BATh
HHU3KOE COOTHOIIIEHHE OeH301a K ATuieny (ot 2.5 1o 4),
YTO CHM)KAET CKOPOCTH IUPKYJISIIIMU OSH3071a, TOBBIIIAET
3¢ (HEeKTUBHOCTh U CHUKAET MPOIYCKHYIO CIIOCOOHOCTh
KOJIOHHBI JIJIsl U3BJedeHus OeH3oja. bosee momoBUHBI
mpom3BoaAnMoOro Db B MHpe MOMy9aroT O TEXHOIO-
ruu EBMax.

13 https://www.badgerlicensing.com/sites/badger/files/2024-06/flysheet_ethylbenzene.pdf. Jlara o6pamenus 10.01.2025. / Accessed January 10, 2025.

Komkun C.A. Ananu3 u ONITUMHU3ALUA HpOMLILHHeHHOﬁ TCXHOJIOTUHU ITOJTYUYCHUS 3THUI0CH30/1a Ha HCOJIMTCOACPIKAIIUX KaTaJu3aTropax.

Juc. ... xaun. tex. Hayk. Tomck. 2017. [Koshkin S.A. Analysis and optimization of industrial technology for producing ethylbenzene on zeolite-

containing catalysts. Cand. Sci. Thesis (Eng.). Tomsk. 2017.]
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Taomuua 1. OcHoBHBIE TTOKa3arenu nporecca EBMax u ucronbs3yemple KaTaau3aTopbl

Table 1. Key parameters of the EBMax process and the catalysts used

OCHOBHBIE ITOKa3aTeIn AJ'IKPIJ'II/IpOBaHI/IC

Key parameters Alkylation

TpancankunupoBaHue

Transalkylation

Karanuszaropst

Catalysts

AIKHIINPOBAHUS
Alkylation

TPaHCAJIKHUIUPOBAHUSA

Transalkylation

JKunkoctsb
Liquid

daza
Phase

JKunkoctsb
Liquid

Temneparypa peakiuu, °C
PatTypa peardt 195-257
Reaction temperature, °C

Temneparypa cbIpbeBOI CMECH Ha BXOJ1e

B PEAKTOP TpaHCATKUIUpoBaHusi, °C
Temperature of the feed mixture at the inlet
to the transalkylation reactor, °C

200

JaBnenune peakunu, MIla 14
Reaction pressure, MPa '

3.1

CooTHomieHre OeH301/9THIIeH (MOJI. ) 554
Benzene/ethylene ratio (mol) '

EM-3300 (1995 r.);

EM-3210/EM-3310 EM-370015

Cootromenne 6enzon/[19b (mac.)
Benzene/PEB ratio (wt)

(Lleomur MCM-22)

2.0 EM-3300 (1995);
EM-3210/EM-3310

(Heomur MCM-22)

EM-330015
(MSM-22 Zeolite)

Konsepcus stunena, % 100
Ethylene conversion, %

(MSM-22 Zeolite)

Kousepcust 1956, %
DEB conversion, %

62

Brixon Db, mac. %
EB yield, wt %

Yucrora Db, 06. %
EB purity, vol %

min 99.8

Cpok MepereHeparoHHOro mpodera, Jet

Cycle length between catalyst regenerations,
years

Bomee 3
More than 3

[TockosibKy CTOMMOCTB IOJIy4aeMOIro B Ipolecce
mapa, Kak TpaBWIIO, TOKPBIBAET 3aTPaThl HA SHEPTHIO
W BCTIIOMOTAaTeIbHBIE MaTepuaisl, okoilo 95% B cebe-
CTOMMOCTH Tpou3BoAcTBa Db cocCTaBiseT CTOMMOCTb
CHIpbs U TOJNBKO ocTaBiuecs: 5% MpUXOASITCS Ha SHEp-
THIO M ocTanbHbIe 3arparsl [21]. B ctoumoctu chipbs
OCHOBHAsI TOJIS IPUXOMUTCS Ha OeH3011. Takum o0pazom,
ce0ecTOMMOCTh IPOU3BOJCTBa Db B OCHOBHOM 3aBHCHUT
OT LIEHBI Ha OEH301.

1.2. TexHonorua Lummus/UOP EBOne

Texuonorus Lummus/UOP EBOne 0blia BiepBbie KOM-
MepruanusupoBana B 1990 r. komnanueit Nippon Steel

Chemical Company, Slnonus. B sxxunkodaznom mporec-
ce EBOne ucnonb3yercst 1ieoauTCcoAepKalias Karajiu-
tryeckas cucrema UOP ¢ HEemoABMKHBIM CIIOEM, CPOK
CIIy>KOBI KOTOPOM COCTaBJIsIeT OT TPEX JO MSATHU JIET, YTO
yCTpaHsieT HeoOXOJUMOCTh B 000pYAOBaHUH ISl pere-
Hepannu. [Ipomecc TpeOyeT HU3KHX KaIHMTAIOBIOXKE-
HUil, oOecreurnBaeT BEICOKME BBIXOMbI U SBJISETCS YHEP-
roaddextuBHbM.  OOpazoBaHue npuMecedl Kcuiona
IIPAKTUYECKU MCKIIIOUEHO, B PE3yJIbTaTe 4ero Nnoiay4aer-
¢ Ob ornuuHOro kauecrsa. PerenepupoBaHHBIN Kara-
JU3aTOpP MOKa3bIBaCT 3 (P(HEeKTHBHOCTD, PABHYIO CBEXXEMY
KaTaJln3aTopy, 4TO KOMMepuecku nokazaHo. [lo Bce-
My MUpy paboraeTr Ooinee 45 NMPOEKTOB ¢ MOIIHOCTBIO
ot 100000 mo 1250000 1/ron o Ob.

15 Panee ucronb3oBascs rasodasuelii mpowece Ha ueonure ZSM-5. [Previously, a gas-phase process on ZSM-5 zeolite was used. ]
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OTxoad1unii raz
Off-gas

DTHII0eH301
Ethylbenzene

]

T

Benzon

Benzene

——/

DruieH
Ethylene

M

Ky6oBbie
OCTaTKU
Bottom
residues
———

il R

T

Jli- ¥ TPUATHIIGEH30TbI
Di- and triethylbenzenes

Ocymika PeakTuBHbII Peaxrop Peaxrop TpaHc- Komnonna Kononna Komnonna
OcH30/ma  3AlUTHBIA  AIKWIMPOBaHWS  AIKHUJINPOBAHUS  OTTOHKH OTTOHKH OTTOHKH MOJIH-
Benzene cIoi Alkylation Transalkylation OeHzona 3THIIOCH30/1a ITUIOCH30II0B
drying Reactive reactor reactor Benzene Ethylbenzene Polyethylbenzene
guard bed distillation distillation distillation
column column column

Puc. 1. [IpuHuunuaabHas TEXHOJIOTHYECKas cxema nporecca Badger EBMax [19]

Fig. 1. Process flow diagram of the Badger EBMax process [19]

KaranuzaTopbl NpoLuIM MHOTOKPATHBIE pEreHepa-
i 0e3 MoTepH MEXaHWYECKOH MPOYHOCTH WM TeX-
HOJIOTHYECKUX XapakrepucTuk. Karamusaropsr Q-Max
onucaHbl B nareHrax [22—24]. IlepBoHadanbHO Ha cTa-
UM aJKWIMPOBAHUS MCIIONB30BAJICA LEOJUT TUMa Y.
Ha craguu TpaHCaJIKWIMPOBaHMUs HCIOIb30BAJICI LEO-
qut tuna USY [11]. PesynbraroM pa3BUTUS TEXHOIOTUU
cTajo ucronb3oBanue B 1996 I HOBBIX Karain3aTopoB
JUIS KaTaiu3a ajJKWIMPOBAaHUS U TPaHCAJIKUIMPOBAHUS

nox ToproBeiMu MapkamMu UOP EBZ-500 (Ha ocHoBe
neonuta Beta) u EBZ-800 (Ha ocHoBe meonmta USY).
[o3xe B 2000-x rT. dupmoit UOP Obu1 BHeApeH 0o-
Jee  COBPEMEHHBIM  KaTalu3arop  aJKWIHPOBAHUS
EBZ-800TL na ocnoBe neosmra UZM-8 cTpyKTypHOTO
tunia MWW [25].

B Tabn. 2 mpencraeneHsl CyNIECTBYIONIME B HACTO-
sIee BpeMsl YCTAaHOBKM IoiydeHust Db mo TexHomo-
ruu EBOne.

Tadmuua 2. CymecTByrone ycTaHoBKY monydeHus: Db mo texuomorun EBOne [26]

Table 2. Existing EB production plants using EBOne technology [26]

3aBon Pacnionoxenue MomHocT, T/TOx Crapr

Company Location Capacity, t/year Start

Carbon Holdings Ain Sokhna, Egypt 424000 2020
Tianjin Bohua Chemical Development Co. Tianjin, China 530000 2019
PetroChina Jilin (No. 2) Jilin, China 342000 2012
CNOOC/Shell Nanhai B.V. Huizhou, China 640000 2006
PetroChina Daging Dagqing, China 95400 2005
Asahi Kasei Corporation Mizushima, Japan 360000 2005
719000 2011

SECCO (BP-SPC) Shanghai, China (695500) 2009
(535000) 2005

Synthos Litvinov (Kaucuk) Litvinov, Czech Republic 300000 2004
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Ta6auua 2. [Tponomxenue
Table 2. Continued
3aBon Pacnonoxenune Mo1HoCTh, T/TOx Crapr
Company Location Capacity, t/year Start
LG Chem I and I Yeosu, Republic of Korea 536472 2003
Asahi Kasei Corporation Mizushima, Japan 355000 2003
LyondellBasell (ARCO Chemical) Maasvlakte, The Netherlands 726000 2003
Repsol Tarragona, Spain 203000 2006
(380000) 2000
SADAF (Styrene II Project) Al Jubail, Saudi Arabia 530000 2000
Trinseo (Styron, Dow/BSL) Bohlen, Germany 355000 1999
PT Styrindo Mono Indonesia (SM No. 2) Merak, Indonesia 212000 1999
IRPC (TPI) Rayong, Thailand 280000 2013
(212000) 1999
PetroChina Jilin (JCI) (No. 1) Jilin, China 160000 2002
(106000) 1998
Tabriz Petrochemical Co. Tabriz, Iran 106000 1998
BASF-Sinopec YPC Company Nanjing, China 130000 1998
Sinopec Maoming Maoming, China 106000 1996
Shell Chemicals Seraya 1 Singapore 360000 1996
Denka (Chiba Styrene Monomer) Chiba, Japan 265000 1994
Taiyo Oil Company (Mitsui Toatsu Chemicals) Ube, Japan 288000 1993
NS Styrene Monomer (Nippon Steel Chemical Co.) (SM No. 3) Oita, Japan 212000 1990

ITpunnunuaneHas cxema npouecca EBOne npezncrasiena Ha puc. 2.

I

.(

DTHIOCH30IT
Ethylbenzene

1

——/ ——/

Jlu- ¥ TPUATUIIOEH30IIBI

Di- and triethylbenzenes

Ky6oBbie
OCTaTKu
Bottom
residues

&l_/

OTuneH L_/ L_/

Ethylene
Benzon
Benzene

Peakrop Peakrop Tpanc-

ANKUITHPOBAHUS AIKHIHPOBAHUS

Alkylation reactor ~ Transalkylation

reactor

Kononna KonoHHa OTTOHKH
OTTOHKHM OeH3011a 9TUI0eH30/1a
Benzene Ethylbenzene

distillation column  distillation column

Puc. 2. Texnonorndeckas cxema npouecca UOP EBOne [25]

Fig. 2. Process flow diagram of the UOP EBOne process [25]

KosonHa oTronku
TOJINATUIIOCH30JI0B
Polyethylbenzene
distillation column
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Amnmaparyproe odopmienue mporecca EBOne npax-
THYECKU uaeHTHYHO ¢ EBMax TexHosoruei, rjie ncnoiib-
3yIOTCS JIBa PEAKTOPa, OJUH JJIs AIKUIMPOBaHUs OeH30-
na, a Ipyroit anst TpaHcankuiauposanus J[9b. Peakropsr
paboTaroT BOJMM3M KPUTHUYCCKHX TEMIIEparyp peakiMOH-
HBIX CMecel, YTOObl MAKCUMHM3UPOBATh BbIxoa Jb.

Peaktop sxuakodasHOro amKWIMPOBAHUS COCTOHT
U3 HECKOJIBKUX CIIOEB IICOJMTHOIO Karaim3aropa, pabo-
TAIOMMX aJuabaTuYecKu. YCIOBHUS Mpolecca BHIOUPAIoT
TakUM 00pa3oM, YTOOBI PEaKIMOHHAS Macca alKUINpPO-
BaHMS OCTaBaJIaCch B *KHIKOH (haze. beHszon ucnonbzyercs
B U30BITKE, @ STUJIEH BBOJUTCS MEPE]l KaXKIIbIM CII0EM, YTO
YIIy4IIaeT CEIEKTUBHOCTD U YBEIWYMBACT CPOK CITy>KOBI
Karanm3aropa. B peakrope anknnmmpoBaHMS THIEH MOJ-
HOCTBIO Pearupyer, OCTaBIIsis TOJIBKO WHEPTHBIE KOMIIO-
HEeHTHI (3TaH W 1p.). VIHEepTHI MpOXOIsT Yepe3 peakTop
¥ OTBOJATCSI C YCTAaHOBKH. PeakTop TpaHCcanKmiImpoBaHHs,
M0 KOHCTPYKLHUH CXOXKHH C pPeakTOpoM aJIKWINPOBAHUS,
TaKKe COCTOHUT M3 HECKOJIBKUX CJIOEB I[COJMTHOTO KaTa-
T3aTopa. YCIOBHUS TaKXkKe TIOIOUPAIOTCS TAKUM 00pa3oM,
9TOOBI MPOBOIUTE KUIKO(A3HBIH mpoliece. Beixomsime
TOTOKU aJIKWJIMPOBAHWSA U TPAHCAJIIKUIIUPOBAHU S HAITpaB-
JISIFOTCSL B OCH30JIBHYIO KOJIOHHY, T7ie OSH30JI OTOMpaeTcs

B Ka4€CTBE TOJIOBHOTO MPOAYKTA TSI PEIUPKYIISIAN B pe-
akTopbl. HmkHAS yacTh OEH30JIBHONM KOJIOHHBI TIOACTCSI
B KOJIOHHY Db, B KOTOpOIi CBEpXy MOIYHYalOT MPOLYKTO-
BbIld Ob, a xy0 orBoaMTCs B KOJOHHY [IADB, M3 KoTOpOIA
J9b u TOb oTrBOmATCS CBEPXY KaK CHIPhE TPAHCAITKUIIH-
poBaHus, a cHu3y nomy4daercst cMona ITADB, ncnons3ye-
Masi Ha TOTUIMBHBIC HYXK/bl. PeOoinepbl TUCTUILISIIMOH-
HBIX KOJIOHH MOTYT HMCIIOJb30BaTh Iopsiuee Macio, nap
BBICOKOTO JIaBIICHUs UJIM IPsIMOi Harpes. [1apsl BepxHero
TIOTOHA KOHJICHCUPYIOTCS B KOTJIaX-YTHIIM3aTOpax ¢ o0pa-
30BaHUEM IIPOMBILIUIEHHOTO Mapa.

TunuyHeIi AranazoH padovYux nmapaMmeTpoB AJs Mpo-
necca EBOne u ncronb3yemble KaTaan3aTopbl IpUBeEie-
HEBI B Ta0M. 3.

Texunonoruss EBOne sBnsiercss odeHb THOKOi — 10-
BBIIICHUE MPOU3BOJUTEIHLHOCTH Tpoliecca MPUMEPHO
10 70% MOXeT OBITh JOCTUTHYTO 0€3 SKOHOMHUYECKHX
norepb. [locne 70%-ro auana3zoHa MeperoHKW HEKOTO-
pBIe TOTEpHU B SHEPro3IhPEKTUBHOCTH MOTYT ITPOH30HTH
B CEKLUU JUCTUIUIALMHU; TEM HE MEHEE, IPOU3BOANUTEIIb-
HOCTb PEAaKIIMOHHON CHUCTEMBI MOXKET OBITh HE HIKE
50% 06e3 kakux-Tu00 HEOIATOMPHUITHBIX TEXHOIOTHYE-
CKUX MJIM YKOHOMUYECKHUX HOCIEICTBUIM.

Tadmuua 3. OcHoBHBIE noKa3areny npouecca EBOne u ncrnone3yemble KaTaau3aTopbl

Table 3. Key indicators of the EBOne process and the catalysts use

OCHOBHBIE TIOKa3aTeNH! MPOIEcca Karanuzarops!
Key indicators of the process Catalysts
daza Kunkocts ATKHJIAPOBAHHS TPaHCAIKHINPOBAHHS
Phase Liquid Alkylation Transalkylation
Temneparypa peakiuu, °C 270
Reaction temperature, °C
PasHuna Temneparyp alKHINPOBaHHs
Ha BXoje u Bexoze, °C
. . 200-270

Alkylation temperature difference
at the input and output, °C
Jasnenune peaxuuu, MI1a (u36.)

. 3.0-4.0
Reaction pressure, MPa (excess) EBZ-800TL na ocuose neomnura

UzZM-8'0 EBZ-100 Ha ocHoBe neonurta Y
AIKMINpPOBaHKE, COOTHOIIEHHE OEH3011/3THIICH )
(mor.) 2.0-4.0 EBZ-800TL based on UZM-8 EBZ-100 based on Zeolite Y
o a6

Alkylation, benzene/ethylene ratio (mol) zeolite
Tpancankunuposanue, cootH. 6en301/ITAB (moi.) 5.0.4.0
Transalkylation , benzene/PAB ratio (mol) o
Brixon OB, mac. %

. 99.8
EB yield, wt %
Yucrora b, 00. % .

) min 99.8%

EB purity, vol %
Cpok MexpereHepanoHHOro mpooera, Jet bonee 3
Cycle length between catalyst regenerations, years More than 3

16 UZM — UOP zeolite material.
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1.3. TexHonorust CDTech EB

Texunonoruss CDTech (anm1. Catalytic Distillation (CD)
Technology) EB — 3T0 ycoBepmieHCTBOBAaHHBIH CIIOCO0
MOJTy4eHHs BBICOKOUMCTOTO0 Db m3 sTHiena n GeHzona
C UCII0JI30BaHUEM 3allaTEeHTOBAHHOIO TIpoliecca KaTallu-
THYECKON AUCTUIUISIINK. CXeMa TEXHOJIOTHYECKOT0 MPo-
necca CDTech EB omuuaercs ot texnoimorun EBOne
TOJILKO CHCTEMOM peakTopa alKuiIupoBaHus (puc. 3).

B ocnoBe npomnecca CDTech EB nexxut xoHmenms
KaTaJIMTUYECKOW JUCTWUIALMHK, KOTOpas OObeAuHSET
KaTAJIMTUYECKYI0 PEaKUUI0 U JTUCTHUIALHUIO B OIAHOMN
onepanuu. ['a3000pa3HbIi ATUIICH BBOAAT B HIJKHHUE Ya-
CTH KaXJI0M peaKIIMOHHOH 30HBI (HEITOCPEJICTBEHHO HITH
4yepe3 BEpXHUH MOrOH OCH30JIbHOM KOJIOHHBI). Peakius
MIPOUCXO/IUT B KATAIUTHYCCKUX 30HAX PeakTopa, a Ju-
CTWUISILIUA IPOUCXOAUT BO BCEH KOJIOHHE, B PE3yJIbTaTe
Yero 1o BCEMY PEaKTOpy BO3HMKAET MPOTHBOTOK Iapa
U KUAKOCTH. [IpOJYKTHI peakiuy HENpepbhIBHO yaals-
IOTCS U3 KaTaJIMTUYECKON 30HBI B pe3ysibTaTe JUCTUILIA-
IIUH, TOTZA KaK JIFOObIe HeMPOPearupoBaBIIIE PearcHThI
W JIpyTUe JIETKHE BEIECTBA YAAJSIOTCs CBEpXy. Teruio
peaknuu cpa3y OTBOAWTCS 3a CUET HCHapeHHs OeH30-
na, 9To obecrieurnBaeT paboTy KOJOHHBI B U30TEPMHUYUE-
CKOM PEXXHME MPH ONITUMAIILHOM TeMITepaType PeaKity.
Korna napsel 3THjI€Ha BBOAAT B PEAKTOP B HECKOJIBKHUX

TOYKaX, OHU BCTYIAKOT B KOHTAKT C KUJAKHUM 66H30HOM,
MOCTYTAOIIUM CBEPXY, U IMOTIOIIAIOTCS JKUIKOH (a3ou.
IIpu paBHOBecuU OOJbIIAs YACTh ATHICHA HAXOIUTCS
B napoBoii ¢aze. Korna nHebomnpmioe KOIMIECTBO ITUIIC-
Ha B JKUAKOCTH BCTYIIAeT B KOHTAKT C KaTaJIN3aTOpPOM,
OH HEMEJICHHO BCTYIACT B PEaKIUIO C 00pa3oBaHHEM
OB. D10 oTHaNseT KOHIEHTPALMIO ITHIIEHA B KUIKOH
(aze or paBHOBecus. HeoOXomuMoCTh HaiW4usl mapo-
JKHJIKOCTHOTO PAaBHOBECHS IPUBOAUT «BIIPHICKHBAHHIOY
STHIICHA U3 MapoBoil (as3bl B KUAKYIO (a3y, TAKUM 00-
pa3oM, paBHOBECHE BOCCTAHABIHMBACTCA. AJKHIATOD
MOXET OBITh MpeIHA3HAUCH JUIs PEOOpa30BaHUs MPaK-
TUYCCKHU BCCTO 3TUJICHOBOI'O ChIPbA WJIM TOJIBKO €ro 4a-
ctu. B mocnenaeM cirydae, 1Uisl 3aBEpIICHIS] KOHBEPCHHU
STHJICHA MPEAYCMOTPECH JOMOIHUTEIBHBIN aKMIATOP.
HemnpopearupoBapmime 3TWiIeH ¥ OEH30J B BEpPXHEM
MIOTOHE ANKHUJIATOpa KOHICHCUPYIOTCS M HAIIPABILIOTCS
B JIOMOJIHUTEJBHBIA aJKUIATOP IUIS 0OSCIICUCeHUs! IOJI-
HOTBI KOHBEPCUH JTHJICHA.

B komoHHE KaTalIuTHUECKON IUCTHUISAIIMA COBME-
LICH MPOIIeCC ATKIITUPOBAHIS U PEKTH()UKAIIMY B OTHOU
CTaJMu. AJKWINPOBAaHUE MPOTEKAET H30TEPMUYECKH
NpY OHWKEHHOW TeMIEepaType U AaBieHUU. B konon-
HE KaTaJIUTHYECKON UCTHIUISIIMN IPOIYKTHI BRIBOISTCS
U3 30HBI PEeaKIUK. YKa3aHHbIC (PAKTOPbI OrPAHHUIHBAIOT
o0pa3oBaHUe TMOOOYHBIX MPOIYKTOB W YBEIHYHUBAIOT

DTunbeH3051
Ethylbenzene
J—
— —
DruieH
Ethylene
—_— |
| > Ky6oBsie
—/ \ J ——/ \——/ _/ ocTark
Bottom
residues
Benzon JIu- 1 TpUATHIOCH30ITb
Benzene Di- and triethylbenzenes
Peaxrop Peaxrop Peaxrop TpaHc- Kononna Kononna orronku Kononna otronku
ATKUTMPOBAHUST  ANKATHPOBAHUS QIKWINPOBAaHHUsl ~ OTTOHKHU OCH30j1a  ATHIIOEH30Ia TIOJIMATUIIOEH30II0B
Alkylation (punmep) Transalkylation Benzene Ethylbenzene Polyethylbenzene
reactor Alkylation reactor reactor distillation column  distillation distillation column
(finisher) column

Puc. 3. Texnonornueckas cxema npouecca CDTech EB [26]

Fig. 3. Process flow diagram of the CDTech EB process [26]
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BBIXO/I LIEJIEBOTO MPOAYKTa U ero unctory. Huzkue tem-
meparypa M JaBICHHE PEaKINU TaK)Ke MO3BOJISIOT MTOHH-
3UTh KalMTAJbHBIC 3aTPaThl, YBEIHYUTh OC30MIaCHOCTD
pa6OTI)I YCTaHOBKHW 1 MUHUMU3UPOBATH HEOPIraHNU30BaAH-
HbIE BRIOPOCHL. B MHOTO(a3HOM cpesie KOJOHHBI KaTalli-
TUYECKON TUCTWIISIIAY TOIACPKUBACTCS OUCHb HU3KAs
KOHIIEHTpaIus dTuieHa B xuakon daze (<0.1 mac. %)
M3-32 €T0 BBICOKOH JICTYYECTH MO CPAaBHEHHUIO C OCH30-
JIOM.

Opranuzanus y3na cuHre3a Db mo TUMy KaraauTu-
YeCKOW ITUCTIIUIAIUKN (BMECTO OTICIBHBIX AJKHIIATO-
pa W TpaHCAJKHIATOPa) HE MPHUBOIUT aBTOMATHUCCKU
K OOJIBIIIEH SKOHOMUYECKOH d(PPEKTHBHOCTH IMpolecca,
UL JOCTIDKCHUST d(P(QEKTHBHOCTH HYXXHA TIIATEIbHAs
npopaboTKa YCIOBUH PEaKIMU U Pa3IeICHUS.

C 1990 r. Texuonmorust CDTech EB 6puta BriOpana
JUIL TIeCTH TPOEKTOB MO BceMy Mupy. Kak moxaszano
B Ta0l. 4, B HACTOAIIEE BPEMsI B KCILTyaTallll HAXOJIST-
cs Tpu 3aBona. Camast Oombiast ycranoska CDTech EB,
pa3paboTaHHass Ha CETONHSIIHUK JEHB, WCIOIB3YeT
OYCHBb pa30aBICHHOE JTUICHOBOE CHIPhE, COACpIKAIICe
Menee 40 moi. % 3TtuiieHa (0CTaIbHOE COCTOUT B OCHOB-
HOM M3 BOIIOPOZA, METaHa M dTaHa). B kagecTBe Takoro
MOTOKA MOTYT BBICTYIATh MPOIYKTHI MPOIIEcca KaTallu-
THUYECKOTO KPEKUHTa, XapaKTePU3YIOIINECs, COMIACHO
TEpPMOANHAMUKE TPOIeCcCa, HEBBICOKUM BBIXOAOM ATHU-
JICHA.

Tadmuua 4. CymecTByonye ycTaHOBKY noiydenus: Ob
no texuonorun CDTech EB

Table 4. Existing installations for producing EB
using CDTech EB technology

MOIIHOCTB,
3aBopx Pacnonoxenue T/TOR Crapt
Company Location Capacity, | Start
t/year
S-Chem Al Jubail,
(JCP Company) Saudi Arabia | 70000 | 2008
INEOS Styrolution .
(Nova Chemicals Corp.) Sarnia, Canada 477000 1998
Petroquimica Puerto San
Argentina SA. (PASA) Martlp, 140000 1997
Argentina

B nmponiecce CDTech EB ucronb3yeTcs crienuaibHO
pa3paboTaHHBIA HEOJUTHBIN KaTalnu3aTop ajJKuiIupoBa-
HUs Ha OCHOBE LIEONIUTA Y, 3arpy>KEHHbIN B KOJIOHHY Ka-
TanuTUdeckol nuctwuiauuu. Karanusarop ynakoBaH
B CIIELUAJIbHO pa3paboTaHHbIE MAKEThl U3 CTaJbHOU
CETKH U CTEKJIOBOJOKOHHOM TKaHU. YHUKAJIbHASA CTPYK-
Typa MakeTOB TaeT UM HEOOXOIUMYIO JOJNIO IIyCTOT,
yTOOBI IIAp MOT TeYb BBepX yepe3 peakrop. HaOupka

W3 CTEKJIOBOJIOKHA JCWCTBYeT Kak Oapbep, MpeaoT-
BpAIlaOlIMi IPSAMON KOHTAKT Mapa ¢ KaTajlu3aTOPOM.
[TakeTbl UMEIOT AMAMETP U BHICOTY O0KOJIO 30 M, C HUMH
JIETKO 00paInaThcsi BO BpeMs MOTPY304HBIX OTEPaIIUi.
3anarentoBannbie nakeTsl CDTech, comepxkamniue ka-
TaJU3aTop AJKWIMPOBAHUS, YIOKEHbI APYr Ha Jpyra
BHYTPH alIKHJIATOpa HAMmojo0ue CTPYyKTYPUPOBAHHOM
Hacajku (puc. 4), 4TO MO3BOJISIET OJTHOBPEMEHHO TPO-
BOJUTH PEAKLUMIO QJIKWIMPOBAHUS M JAUCTUILIALHUIO
peareHTOB W TPOAYKTOB. MCHONB3YIOTCS HECKOJIBKO
CIIOCB CIOXEHHBIX MakeToB. Cpok ciyxObl KaTaju-
3aTopa Ha OCHOBE MWJIOTHBIX HcnbITaHui (6000 4 He-
MPEepPBIBHOW paboOTh) OlleHUBaeTCsl cBbiie 2 neT. [Ipu
9TOM Ha BCEM IMPOTSDKEHUH po0era COXpaHsIOTCS BBI-
cokuit BeIxox (99.7 mac. %) U KauecTBO MOJIYy4aeMOTO
3B (99.5 mac. %) [27].

CryBka

f-)( Blowing-off

Benszon
Benzene
_—t
DruiieH
Ethylene
D ——
k —/ D1unbenson
Ethylbenzene

Puc. 4. Komonna kaTaluTHYECKON TUCTHIIISAIINH TSI
cunresa Db [27]

Fig. 4. Catalytic distillation column for EB synthesis [27]

TunuuHbIA qUana3oH paboyux mapaMeTpoB I Mpo-
necca CDTech EB noxkasan B Taoin. 5.

Takum 00pa3oM, HH3KOE COOTHOLICHUE OCH30I/
STHUIIEH JIelaeT MpOoIecC MPHUBIEKATEIbHBIM ISl PEKOH-
CTPYKLMM YCTapeBLIMX YCTaHOBOK, B TOM YHCJIE C IIO-
BBIILIEHUEM MOIIHOCTH 10 BbinycKy Ob. CooTHoleHne
HU3KHX TeMIIeparyp mpolecca, JaBJIeHUs, a TaKxKe Mpo-
CTOTa M BO3MOKHOCTBH HCIIOJIB30BaHUS 00OPYIOBaHHS
U3 YIIEPOAMCTON CTaM CeNalo JaHHYI TeXHOJIOTHIO
MIPHUBIIEKATEIBHOMN C TOYKH 3PEHUSI MUHUMYMa KaluTalb-
HBIX 3aTpar Ha CTPOMUTEIbCTBO 110 CPABHEHUIO C KOHKY-
peHTaMu.
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Taémuua 5. [lnanazon padounx nmapamerpos ycraHoBkin CDTech EB
Table 5. Operating range of the CDTech EB unit

[Tapamerp 3HaueHue
Parameter Value
AJIKMITpOBaHKE, COOTH. OSH30M1/ATHIICH (MOJL.) 5040
Alkylation, benzene/ethylene ratio (mol) o
TpaHcankunupoBaHue,
cootH. 6en3o/ITAB (moi.) 2.0-4.0

Transalkylation, benzene/PAB ratio (mol)

200 Bepx, 240 U3
200 top, 240 bottom

JlnanazoH Temneparyp adkupoBanus, °C

Alkylation temperature range, °C

JaBnenue B ankunarope, MIla

2.0-2.5
Alkylator pressure, MPa
Pacxon satunena, xr/xr Db
. 0.264
Ethylene consumption, kg/kg EB
Pacxon 6enzoia, kr/kr Db
0.738

Benzene consumption, kg/kg EB

1.4. TexHonoru4a Versalis

Kommanwus Versalis npemiaraet COBpeMEHHBIC TEXHOIIO-
UM nosiydeHuss Db Ha OCHOBE IIEONUTCONEPKALIUX Ka-
tanu3aropoB ankuiupoBanuss PBE-1 (Polimeri Europa
Beta zeolite'”) u TpancankmupoBanus PBE-2 Ha ocHOBe
neonuta Beta B H-hopme. TexHonorus HaiexxHa U mpo-
BEpeHa B IPOMBIIIUICHHOM Maciirade Ha 3aBoae Db mom-
HOCThIO 650000 T/TOA, yememHo 3amymmeHaoM B 2009 1.
Karanuzaropsr Versalis onucansl B mareHTe [28].
OcCoOeHHOCTBIO TeXHOJOTUHU Versalis sBIsAeTCS Ha-
nrgue OJIOKOB MEPBUYHOM OYMCTKU OEH30J7a OT KaTa-
JUTUYECKUX SJ0B, TPESIBAPUTEIBHOE CMEUICHUE (10
peakTopa amKWIMPOBaHUs) OCH30Ja M OSTHIIEHA, YTO
CHOCOOCTBYET IMOBBIMICHHUIO BBIXOIA IEICBBIX HPOIYK-
TOB. Mcrnosnp3yemblii KaTraau3arop CIOCOOCTBYET HHU3-
KOMy 00pa30BaHHUIO OJMTOMEPOB JTHIJICHA W KOKCA TIPU
BBICOKOW aKTUBHOCTH, YTO ITO3BOJISIET MPOBOIUTH IIPO-
LIECC B «MSTKUX yclIoBUAX» — Temneparype 170-230°C
W TIpU CPaBHUTENHBHO HU3KOM paBneHnn 1-2 Mlla.
CooTtHomieHne OeH30I1a K ITHICHY COCTABISICT HE MCHEE
2 (mom.) [11].
[MpenmymecTBaMu TeXHOTIOTUH Versalis SBISIOTCS:
e BBICOKAs CENICKTUBHOCTE (He MeHee 80%) U cTaOwIh-
HOCTb KaTaJln3aTOPOB;
e Bricokas gnctoTa b (99.98%);
e 100% xonBepcus aTusIeHa 1 oo1uii Beixon 95 99.7%
[PU HE3HAYUTEILHOM COMACPKAHUK MOOOYHBIX TPH-
Mecel keunosioB (Menee 10 M.11.);

formerly Polimeri Europa, rebranded as Versalis.

® IIPOCTOTA IKCILTyaTaIUH;
¢ HCTOJIb30BaHUE YIIICPOAUCTON CTAIIH;
¢ HU3KUC KAMUTAJOBIOXKCHUS M 3aTPaThl HA TEXHHYE-

CKOe 00CITy’KMBaHUE yCTAaHOBKY;

e MpOCTOTa OOpaIleHHs] CO CBSKHUM U OTPabOTaHHBIM

KaTaJIn3aTopoM;

e MEXPETCHEPAIIMOHHBIA Tpo0er Karajauszatopa oT 2

1o 7 net;

e YBEJIMUYCHHBII CPOK CITy:KOBI Karanu3aropa (710 5 pe-
reHepanui 6e3 yXyaieHus: XapakKTepUCTHK);
e s(hdexTHBHAS U HaZIeKHAs 00pabOTKa CBE)KEro OCH30-

JIa TS 3aIIUThI KaTalli3aTopa OT 3arps3HEHUS a30TOM;
® HHU3KOE BO3ACHCTBHE HA OKPY’KAIOIIYIO CPEAY;

e OTCYTCTBHE TIOTOKAa KHCIIOTHBIX OTXOIOB W MHHH-

MAJIbHBIC Ta30BbIC BHIOPOCHL.

ITpouenypsl noaroroBku Karanusaropos PBE no3so-
JISTFOT TIOJTYYUTDH ONTHMATBHBIC 3HAYCHHSI BHEIICOTHTHON
MIOPUCTOCTH, YTO TIO3BOJISIET YBEIHYHUTH CTAOMIIBHOCTH
KaraJju3aropa ¥ MOHU3UTh CKOPOCTH €ro Je3aKTHBAHIIUH.

B niponiecce Versalis He 00pa3yroTcs )KUIAKUE OTXOIBI
WM Ta30BBIe BBIOPOCHI, 3a MCKIIOUeHNEM HedTecoaep-
JKalei BOJbI 1 BEHTWISIIMOHHBIX BEIOPOCOB BAKYYMHBIX
HacocoB. OTpabOTaHHBIA KaTaIH3aTop MOCIE HECKOIb-
KUX pereHepaiuii MOXKeT ObITh YTHIU3UPOBaH.

HpI/IHHI/IHI/IaHLHaﬂ TCXHOJIOTUYECKasA CXEMa MpoLec-
ca Versalis mpuBejicHa Ha puC. 5.

Texuonorust Versalis BrIO4aeT aguabaTHYCCKUE
PCaKTOpbl AJKWJIHMPOBAHHA W TPaHCAJIKUINPOBAHUS
CO CTAIlMOHAPHBIMHU CIIOSAMH KaTaJIH3aTOPOB, TIPH 3TOM
pEaKTop AJKHIMPOBAHHSA COJECPIKHT HECKOJIBKO CIIOEB
KaTanmzaTopa ¢ JpoOHOH mojadeii aTuieHa U 006opyno-
BaH BBIHOCHBIMH TEIUIOOOMEHHHKAMH IS CheMa Tell-
Ja 3K30TepMHYecKoi peakunu. Cuctema BbIAEIEHHS
ToBapHOro DB M MOOGOYHBIX MPOIYKTOB MPAKTUYECKU
unentnyna rexaoiiorua EBOne.

3SAKJIIOMEHUE

Ob sBusercss MHOTOTOHH&KHBIM ¥ BBICOKOMApIKH-
HAJBHBIM  MPOAYKTOM HE(PTEXUMHUYCCKOTO CHHTE3a
C YCTOMUYMBBIM CIIPOCOM Ha BHEIIHEM W BHYTPEHHEM
peiaKax. bonee 99% Db ucnonb3yercs B MPOU3BOJICTBE
CTHpOJIa — CBIPbS JUISl TPOU3BOJCTBA MOJUCTHPOIIA,
ABC-1macTukoB!® ¥ CHHTETHYECKHX KaydyKoB u3 Db.

[IpencraBneHHbBI 0030p COBPEMEHHBIX CYIICCTBY-
IOLIUX TeXHONOTui mpou3BoacTBa Db (Badger EBMax,
UOP EBOne, Versalis, CDTech EB) moka3siBaet, 4To
B HACTOsIIIee BpeMsI HanOoJIee MepCIeKTUBHOM SBISIETCS
)uIKo(paszHas TEXHOJIOTHS C HCIONb30BAHUEM COBpPE-
MEHHBIX IIEOJTUTCOJIEPIKAIIUX KaTAIN3aTOPOB.

Xumudeckoe nojipaszeieHue KoMIanuu Eni, panee HasbiBaBiueecs Polimeri Europa, nepenmenoBaHo B Versalis. / The Eni’s chemical division,

ABC — akpuIoHUTPUIOY TaIUCHCTHPONBHBL ITacTHK. [ABS is an acrylonitrile butadiene styrene plastic.]
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Puc. 5. [lpunnunuaabHas TEXHOJIOTHYECKAs cxema nporecca Versalis [28]

Fig. 5. Process flow diagram of the Versalis process [28]

[MpenmymecTBaMu KUIKO(ha3zHOTO Iporecca aj-
KWIMPOBAHUST OCH30J1a ITUJIEHOM MO CPaBHEHHIO C Ta-
30(pa3HBIM NPOIECCOM SIBIISIOTCS CHHIKEHHE DHEprosa-
TpaTr Onaromapsi OTHOCHTENHEHO HH3KHM TeMIepaTypam
npouecca (Hmwke 270°C), ymeHblIeHHE BbIXOAa 1M0O0Y-
HBIX [IPOAYKTOB, YBEIMUYEHHE BbIX01a Db, cpoka ciryx-
OBl W MEXpEreHepallMOHHOTO IMpodera KaTalu3aTropa.
Bonee nonoBunbI mpon3Bonumoro Jb B Mupe momydaror
o rexHonoruu EBMax c¢ ncronb30BaHneM Karajanu3aTo-
pa Ha ocHOBe meonuta cemeiicrea MWW (MCM-22).
TexHOIOTHS MO3BOJISIET UCIIOIB30BAaTh HHU3KOE COOTHO-
meHue O6eH3ona K 3Tuieny (ot 2.5 1o 4), 9To CHUXKaeT
CKOPOCTh IUPKYISAIUK OeH3071a, MOBbIMAaeT 3(h(HEeKTHB-
HOCTh M CHIDKACT IPOITYCKHYIO CHOCOOHOCTH KOJIOHHBI
JIUTSL M3BJIEUEHHST OEH30I1a.

LleonmuTconepxamye KaTraiu3aTophl 10 CPaBHEHHIO
¢ JKuAKOo(a3HBIMH KaTalU3aTopaMu  aKWINPOBAHUS
(XJOpHUCTHIM QJIFOMUHUEM) OTIUYAIOTCS BBICOKOW aK-
THUBHOCTBIO, CTa0MIBHOCTBIO, SKOJOTUIHOCTEIO M Pere-
HepupyeMocThio. [Ipy UCIonp30BaHUN TaKMX KaTain3a-
TOPOB 3HAYUTEIBHO YIPOINACTCS MPOIECC MOATOTOBKU
CBIpBS U anmaparypHoe ohopMIICHHE TIpoIiecca.

TpamuuuoHHasT TEXHONOTHS TonydeHuss Db Ha oc-
Hose AlCl; He obecneunBaeT 10CTaTOUHYHO0 dPPeEKTHB-
HOCTh MpeBpamicHus OceH3onma B OB, 4To BBEIpaxkaer-
csl B HU3KHX KOX(P(UIMEHTaX HCIOIB30BAHUS CHIPHS,

00pa30BaHUK OOJIBIIIOrO KOJIHMYECTBA BBICOKO3ATrPs3HEH-
HBIX CTOYHBIX BOJI U BBICOKOM KOPPO3UH.

OCHOBHAsl 9aCTh COBPEMEHHBIX HCCIEAOBAHUI B 00-
JACTH TEXHOJIOTHU aJKIJINPOBAHUS OCH30JIa STHICHOM
B Ob cBs3aHa ¢ cO3aHUEM U UCIIOJIb30BAHUEM LIEOJIHT-
COZIEpIKAIINX KaTaIM3aTOPOB, MPEICTABISIONINX COOO0M
TBEpAbIC MOPHCTHIE CHCTEMBI, CONEpIKAllie aKTHBHBIN
KOMITOHEHT M CBS3YIOIIEE BEIECTBO.

AKTHBHBIM KOMIIOHEHTOM ciykart neonutsl USY, Beta,
mopaenut, ZSM-5, ZSM-11, ZSM-12, ZSM-23, ZSM-35,
ZSM-48, MCM-22, MCM-49. IIpeano4rurenbHbIe KaTa-
TM3aTOPbI AIKWIMPOBAHUS BKIFOYAKOT 1eonuT Beta wmm
neonut cemerictBa MCM-22. Casizyroliee BEMIeCTBO —
Al, Oy, SiO, i amop@HsIii amomocunukar. ITocne cme-
IICHUS] aKTUBHOTO KOMITOHEHTA U CBS3YIOIIETO BEIeCTBa
13 TIOMYYEeHHOW Macchl ()OPMYIOT TPaHYNBI, KOTOpPBIC
3aTeM BBICYIIMBAIOT U MPOKaJIMBaIOT. MHOTa 3aTteM Ka-
TaJIM3aToOp MOABEPraroT Moanu¢uuupoBaHuio. OOBIYHO
cojiep’KaHre IIE0INTa B KaTaJln3aTopax cocTaBisieT ot 60
1o 80 mac. %.

Psip pabot mocBsimeH pasauuHbIM 00paboTKaM HC-
XOIHBIX I[COJIMTOB JJISl YBEIWUCHHUS TUIOMIAIN ME30I0-
PHUCTON MOBEPXHOCTH, YTO MO3BOJISIET CHU3UThH TEMIIe-
parypsl mporecca TPaHCAIKWIMPOBAHUS M TIOBBICUTH
KaTaINTHICCKYI0 aKTHBHOCTH IOJYYCHHBIX KaTalnza-
TOPOB.
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B Poccuu B 2022 1. BINyII€Ha IIepBasi IPOMBIILIJIEH-
Has maptust karanuzatopa KT-I'A-1 Ha ocHoBe 1eonuTa
cemeiictea MFI (ZSM-5) mna nmpouecca razodasHoro
ankunaupoBanus Oenszona stmiaeHoM B Ob. C 19 wmrons
2022 1. HayaThl OMBITHO-TIPOMBIIIICHHBIE WCIIHITAHUS
KaTaJln3aTopa, KOTOpPbIe MPOJOIKAIOTCS M0 HACTOSIIEe
BpeMsi. 3a NEePBBIN TOJl IKCIUTyaTalluy CTalI0 OYEBUIHO,
YTO POCCUUCKUI KaTaIM3aTOp HE YCTYyNaeT UMIOPTHOMY
AQHAJIOTY I10 BCEM MOKAa3aTelIsM.

CoBpeMeHHBIE pa3paboTKu B 00IacTH KaTalu3a-
TOPOB TIpoIiecca TpaHCAIKHIUpoBaHus OeH3ona J[Ob,
B TOM YHCJI€ POCCHICKHE, MOCBALICHBI CO3JaHHIO U HC-
MOJTb30BAHUIO IICOJUTHBIX U IIEOMUTCOACPKAIINX KaTa-
TU3aTOpOB Ha ocHOBE 1eosnta Tuna FAU (tieonut Y).

B Poccun, naunnas ¢ 2013 1. 1 mo HacTosimiee Bpe-
Msi Ha 3aBosie «Mownomep» OO0 «lasnpom Heghmexum
Canasamy ¢ ycunexoM HKCIUIyaTHPYETCsl KaTallu3aTop
mapku KT-BC-1 — coBmectnas paspaborka OO0 «HTL]
Canasamueghmeopecunmes» 1 UHXC PAH (1. MockBa)
Ha OCHOBE IIIyOOKO NEKaTHOHMPOBAHHOTO IeoiHTa Y,
HE COZIEPIKalllero CBA3YIOIIMX BeulecTB. Taike B Kaue-
CTBE aJIFTEPHATUBBI KATAIM3aTOPY TPAHCATIKUINPOBAHUS
oensona JI9b mapku KT-BC-1 B HTL] Obu1 pa3paboran
katanmzatop KT-CC, rpanynupoBaHHBIA €O CBA3YyIO-
muM BemectBoM — 80 Mmac. % 1ieonura Y B KUCIIOTHOM
H*-popme n 20 mac. % CBA3YIONIETO — OKCHIA AITIO-
munus. IlpeumymecrBo karanuzaropa KT-CC mepen
neonutHeIM KT-BC-1 cocTout B TOM, YTO IIpU €T0 U3IO0-
TOBJIEHUM UCIIOJIb3YETCS TPAJAULIMOHHAS TEXHOJIOT U II0-
JTy4YeHHs LEONUTCOAePKAIIUX KaTaau3aTopoB CO CBS3Y-
IOIINM BEIeCTBOM. B pesynbrare karanuzatop obnagaer
Pa3BUTON BTOPUYHOW TMOPUCTON CTPYKTYPOM, BBHITIOITHSI-
0L TPaHCIOPTHYIO POJIb P IOABOJIE PEarupyromux
BEIIECTB K aKTUBHBIM IIEHTPaM KaTajau3aropa M OTBOJE
IponyKkToB peakuuu. Kpome Toro, 3ToT Karamuszarop
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Abstract

Objectives. High-entropy alloys (HEAs) represent a novel class of metallic materials known for their exceptional mechanical and
corrosion-resistant properties. This study investigates the effects of equal channel angular pressing (ECAP) on the microstructure, tensile
strength, and corrosion behavior of an equiatomic FeNiMnCr alloy.

Methods. The alloy was synthesized via arc melting, homogenized, and subjected to up to four ECAP passes at 400°C. Phase
composition was analyzed using X-ray diffraction, while microstructural features were examined using scanning electron microscopy
and transmission electron microscopy. Mechanical properties were evaluated based on Vickers microhardness and tensile testing, while
corrosion resistance was assessed in a 3.5% NaCl solution using potentiodynamic polarization.

Results. The results indicate a significant grain refinement, an increased hardness and strength (by 1013 MPa), and an improved corrosion
resistance of the alloy after ECAP processing.

Conclusions. The study demonstrates that ECAP is an effective method for enhancing the performance of FeNiMnCr HEAs. This makes
it promising for use in nuclear energy, medicine, and aerospace industry.
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HAYYHAA CTATb4A

BnvsHue paBHOKaHaNbHOIO YyrjioBOro rnpeccoBaHus
Ha NPOYHOCTHbIE U KOPPO3UOHHbIE CBOMUCTBA
BbICOKO3HTponunHoro criiaea FeNiMnCr

A.M.M. Agyaiism™, K.M. Hecrepos, P.K. Uciamranues

Ypumceruii ynusepcumem nayxu u mexuwonoeutt, Y¢pa, Pecnyonuxa Bawkopmocman, 450076 Poccus

™ demop ons nepenucku, e-mail: adhamabuayash4@gmail.com

AHHOTaUus

Hesn. Vccnenosare BIMsIHEE paBHOKaHAIBHOTO yriioBoro npeccopanust (PKYII) Ha cTpyKTypy, IPOYHOCTH 1 KOPPO3HOHHBIC CBOICTBA
cmiaBa FeNiMnCer.

Metoapl. CTpyKTypHBIE XapaKTePHCTHKN H3y9IaIUCh C MTOMOIIBIO PEHTIeHO(a30BOT0 aHATIHN3a U MEKTPOHHOW MUKPOCKONHH (scanning
electron microscopy, transmission electron microscopy). MexaHn4ecKkie CBOHCTBA OIIEHHBAINCE IO MUKPOTBEPAOCTH U HCIBITAHHUSM Ha
pacTsDKeHHe, KOPPO3HOHHAsE CTOMKOCTh — MOTEHIIHOANHAMIYeCKIM MeTozioM B 3.5% pactBope NaCl.

PesyabTarsl. Yeranosneno, yto PKYII npuBoanT K 3HAYUTENEHOMY M3MENBICHHUIO 3epHA, yBeIHueHHIo mpoynocTa (1o 1010 Mlla) u
CHIDKCHMIO TUIOTHOCTH KOPPO3HOHHOTO TOKA, YTO TOBOPUT 00 YIYHIICHUHU [TACCUBHPYIOIINX CBOHCTB TOBEPXHOCTH.

BeiBoabl. PKYII noBeimaer mpoyHOCTh M KOPPO3HOHHYIO CTOWKOCTH CIIaBa, YTO AETAET €ro MepCreKTUBHBIM JUI IPUMEHEHNUS B sep-

KniouyeBbie cnoea

TepMHUYecKas CTAOMIBHOCTh, KOPPO3HOHHAS CTOMKOCTh

Anga uuTnpoBaHusa

BBICOKO?HTPOITUIHBIN CIIJIaB, pABHOKAHAIBHOE YITIOBOE IPECCOBAHNUE, TIPOUHOCTH,

HOU OHEPreTUKE, MEAULINHE U ABUALIMOHHO-KOCMHUYECKON TMPOMBIIITIEHHOCTH.

MocTtynuna: 06.10.2024
Aopa6oTaHa: 18.04.2025
MpuHara B neyatb: 11.09.2025
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of FeNiMnCr high-entropy alloy. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2025;20(5):516-524. https://doi.org/10.32362/2410-6593-

2025-20-5-516-524

INTRODUCTION

High-entropy alloys (HEAs) constitute a novel class
of metallic materials characterized by the presence
of five or more principal elements in near-equiatomic
proportions [1-4]. This unique compositional strategy
often results in exceptional mechanical strength and
corrosion resistance, making HEAs a subject of extensive
global research. Despite their promising properties,
many HEAs suffer from limited strength, which restricts
their practical applications. To overcome this limitation,
various processing techniques can be employed to
enhance the mechanical properties of such alloys.

The conventional approach to creating new structural
materials involves selecting one main element as a
matrix and its further alloying to obtain the desired
combination of mechanical and/or technological
properties. Recently, a new approach to creating
multicomponent alloys containing several elements in
nearly equiatomic concentrations has been proposed.
In comparison with traditional alloys, these alloys are

characterized by higher mixing entropy values, hence the
name HEAs. The increased entropy in HEAs is explained
by the maximum mixing entropy between dissolved
components upon their equiatomic concentration. As a
result, single-phase solid solutions with simple body-
centered cubic (BCC) or face-centered cubic (FCC)
lattices are formed in several HEAs. Depending on
the chemical composition, HEAs can demonstrate
enhanced functional properties, such as hardness, wear
resistance, thermal stability, corrosion resistance, and
superplasticity [5—-10]. Meanwhile, methods of severe
plastic deformation (SPD) offer additional possibilities
for regulating the functional properties of metals and
alloys by forming an ultrafine-grained structure. SPD
methods are known to be capable of reducing the grain
size to less than 300 nm in various metals and alloys [11],
while the use of heat treatment (HT) on ultrafine-grained
samples can further increase their strength and endurance
limit. The high mixing entropy of elements in the alloy
is considered a measure of the probability of maintaining
their system in this state. This ensures an increased
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thermal stability of the phase composition and structural
state, along with the mechanical, physical, and chemical
properties of the alloy. Thus, HEAs demonstrate the
potential for forming and maintaining a multielement
solid solution both immediately after crystallization
and during subsequent thermomechanical treatment,
acquiring unique combinations of characteristics [5—10].

A number of reviews [1-4, 12] present the research
results on the structure and properties of HEAs; however,
they mainly provide experimental data for coarse-grained
and cast samples. One work reported the use of SPD for
AICrFeCoNiCu HEAs, but considered only structural-
phase transformations during deformation processing.

The emerging interest in the application of SPD
methods has not bypassed HEA materials, promising
to enhance their functional properties. However, many
HEAs contain Co in significant concentrations, which
is undesirable for their use in nuclear reactors from the
perspective of neutron activation and radiation waste
management. Therefore, a new single-phase FeMnNiCr
alloy with Co replaced by Mn, showing significant
radiation resistance, has recently appeared [13]. Among
HEAs, the FeNiMnCr system is known to form a
stable FCC structure and to exhibit a good balance of
strength, ductility, and corrosion resistance. However,
further enhancement of its properties is essential for
advanced engineering applications. Equal channel
angular pressing (ECAP), a severe plastic deformation
technique, offers a promising approach to improving
the mechanical and corrosion characteristics of alloys
without altering their chemical composition.

In this study, we aim to evaluate the influence of
ECAP processing on the structural, mechanical, and
corrosion properties of the FeNiMnCr alloy.

EXPERIMENTAL

The investigated HEA had a nominal composition of
Fe, Niy,Mn,Cr,, which was selected due to its single-
phase FCC structure as well as promising mechanical and
corrosion properties. The alloy was synthesized by arc
melting of high-purity elemental metals (purity > 99.9%,
University of Missouri, USA) in an argon atmosphere using a
nonconsumable tungsten electrode (USA). To ensure chemical
homogeneity, the ingot was remelted at least five times and
flipped between each melting cycle. The final as-cast ingots
were subjected to homogenization at 1100°C for 12 h in an
evacuated quartz tube, followed by water quenching.

The billets (cylinders 20 mm in diameter and 100 mm
in length) were processed via ECAP using a die with an
internal channel angle of 120°, following the Bc route.
Processing was conducted at 450°C for up to three
passes to refine the microstructure and enhance strength.
The deformation speed was approximately 1 mm/s.

The chemical composition of the alloy was confirmed
by energy-dispersive X-ray spectroscopy (EDS).
The phase composition was analyzed using X-ray
diffraction (XRD) wusing a Bruker D2 Phaser
diffractometer (Bruker AXS GmbH, Germany) with
CuK radiation (0.154 nm) over a 26 range of 20°-100°,
both prior to and following ECAP. The analysis of XRD
patterns was carried out using the Rietveld method
implemented in the MAUD software package (University
of Trento, Italy). The microstructure was studied using a
TESCAN MIRA scanning electron microscope (SEM)
(TESCAN ORSAY HOLDING, Czech Republic) and a
JEM-2100 transmission electron microscope (JEOL,
Japan) with an accelerating voltage of 200 kV, equipped
with an attachment for EDS analysis, with special
attention to grain size and phase distribution.

Mechanical  properties were evaluated via
microhardness testing by a Micromet 5101 device
(Buehler, USA) (100 g load, 10s dwell time) and
tensile tests at room temperature (the range of 20-25°C
(293-298 K)) with a strain rate of 1073 (testing machine
Instron 8801 — [Instron, USA / United Kingdom).
Corrosion resistance was assessed using potentiodynamic
polarization in 3.5 wt % NaCl solution at 37°C using an
R-5X electrochemical station (Elins, Russia). Electrode
potential measurements were conducted for 2 h to achieve
a steady-state value. Potentiodynamic polarization (PDP)
was performed across the range from —600 to +400 mV
relative to the open circuit potential at a scanning rate of
0.25 mV/s. A silver/silver chloride electrode filled with a
3.5 M KCl solution was used as a reference. The counter
electrode was a graphite rod. PDP results were calculated
using the Tafel method. Polarization resistance Rp was
calculated from the slope of the polarization curve
+10 mV relative to the free corrosion potential.

RESULTS AND DISCUSSION

Figure la shows the alloy structure in the initial state,
which is characterized by large grains with an average
size 0of 290 um. According to EDS analysis, the chemical
composition of the alloy contains Fe = 30.93 wt %,
Ni=31.18 wt %, Mn =29.57 wt %, and Cr = 8.32 wt %.
In addition, segregations of Ni and Mn atoms near the
grain boundaries are observed (Fig. 1). At the same
time, there are also particles of NiMn precipitates in
the grains, mainly of a globular shape with an average
size of ~23 pum (Fig. 1b). EDS analysis showed that
the content of Cr atoms in both triple junctions and
particles was significantly lower, while the content of
Mn and Ni was significantly higher, in comparison with
the equilibrium content of these elements in the studied
alloy Fe 30 wt %-Ni 30 wt %—Mn 30 wt %—Cr 10 wt %
(points 1 and 2, Figs. 1b).
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Fig. 1. EDS image of the initial alloy microstructure: (a) elemental distribution in the initial state; (b) elemental analysis at the triple
junction (point 1) and in the MnNi particle (point 2)
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Thermal stability studies showed the ECAP sample
to exhibit the highest microhardness of 3500 MPa
(Fig. 2), which was 80% higher than that of the sample
in its initial state. The high thermal stability up to a
temperature of 600°C is apparently due to conducting the
ECAP deformation processing of the alloy at an elevated
temperature of 450°C followed by annealing at 550°C
(ECAP450°C+HT550°C).

4000 HCAP
E 3500
) 3000
Q
< 2500
5 "
% 2000 Initial
8 1500 M—W
Z 1000

500

0

20 200 300 350 400 450 500 550 600 650 700

Temperature, °C

Fig. 2. Microhardness dependence on annealing temperature

o i

; v ] it
Mic|HV [ Mag |Image Type| Focus Value |Zoom|Spot

(©)

+—100 nm —t ]

In the sample subjected to ECAP+HTS550°C
processing, the transmission electron microscopy
images revealed the presence of separate regions with
elongated grains with a width of 0.3—0.5 um and a length
of 0.5-1.5 pum, within which an increased dislocation
density was observed (Fig. 3).

X-ray diffraction (XRD) patterns of the FeNiMnCr
alloy in the as-cast and ECAP-processed states are
shown in Fig. 4. Their analysis showed that, both in
the initial state and after the ECAP450°C+HT550°C
treatment, the sample contains the FCC phase
FeNiMnCr and the secondary phase MnNi (Fig. 4).
The reflections of these phases are highlighted in Fig. 4
by blue rhombs and red squares at the bottom of the
XRD patterns. After ECAP processing, the FCC phase
remained dominant; however, the peaks became broader
and slightly shifted. Peak broadening is associated with
a significant grain refinement and the accumulation of
internal lattice strain due to severe plastic deformation.
No new phases or intermetallic compounds were

Mic|HV [ Mag |Image Type| Focus Value |Zoom| Spot

———500nm ——— |

Mic|HV [ Mag |Image Type| Focus Value |Zoom| Spot

—100nm— ]

‘ Fig. 3. Various regions in the alloy structure after ECAP+HTS550°C, observed by a transmission electron microscope:

(a, c) bright-field image; (b, d) dark-field image
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‘ Fig. 4. X-ray diffraction patterns

detected, confirming the structural stability of the alloy
under ECAP conditions.

The lattice parameter of the as-cast alloy (3.6158 A)
was calculated using the Bragg equation and was found
to increase slightly after ECAP (3.6211 A), which
may be attributed to the redistribution of interatomic
distances along numerous grain boundaries due to local
strains.

The experimental data from tensile tests were used
to construct graphs showing the dependence of strain
on stress, as presented in Fig. 5. Prior to testing, the
initial and ECAP samples were additionally annealed
at temperatures of 450°C and 550°C, respectively,
to relieve internal stresses. The tensile tests of the
ECAP+550°C sample established the ultimate tensile
strength to be 1013 MPa, which increased by more than
2.5-fold compared to that in the initial sample (377 MPa)
annealed at 450°C. Meanwhile, the elongation of the
initial sample was 63%, whereas it was much lower for
the ECAP sample, at the level of 3.6%.

Figure 6 shows the results of electrochemical tests in
the form of polarization curves.

1000

800

ECAP450°C+HT550°C
600

Initial

Stress. MPa

400
200

0
0 10 20 30 40 50 60

Relative elongation, %

Fig. 5. Results of tensile tests

ECAP450°C+HT550°C

Initial
ECAP450°C

Ecorr, V vs Ag/AgCl

log/corr, A-cm™

Fig. 6. Polarization curves obtained from electrochemical tests.

E_,. is an open-circuit potential; /. is the lowest corrosion

current

The table presents the corrosion parameters of the
samples calculated based on electrochemical tests and
corresponding polarization curves.

Table. Corrosion parameters

Sample Ec\(}rr, AI%J?I;Z OhIIIali')(,tm2
Initial+450°C o i?lléofg—j; 1(1)52;0140ﬁ
ECAP450°C o ﬁlz;o[gi 1344:0:;;
CApisoCrapsorc | 0300 128710 02 | 2131012
oo | St | S
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It can be seen from the table that processing
conditions have a significant effect on the open-
circuit potential (£, ). A higher E__ value indicates
surface passivation, while a lower value indicates
surface activation. Among the HEA samples,
the ECAP sample showed the highest corrosion
resistance (the lowest corrosion current /). After
additional annealing at 550°C (Table), the corrosion
current slightly increased, although remaining
lower than that in the initial state. The decrease in
corrosion current and the increase in polarization
resistance (R ) after ECAP processing compared to
the initial sample indicate better surface passivation
in the ECAP samples during testing. Additional HT
of the ECAP samples at 550°C led to the preservation
of the corrosion current and open-circuit potential at
the corrosion resistance level of the ECAP sample,
and the maintenance of polarization resistance at the
level of the initial samples. It can be assumed that the
passive film formed on the surface of the ECAP HEA
samples exhibits a greater adhesion to the crystal
lattice defects in the form of grain boundaries with
respect to the initial state. For comparison, Table
also shows the corrosion parameters of AISI 304L
stainless steel tested under identical conditions. This
steel demonstrated a significantly lower corrosion
current and a higher polarization resistance compared
to the HEA samples, indicating a more passivated
surface than the other samples. AISI 304L stainless
steel was tested also under 3.5 wt % NaCl solution
with potentiodynamic polarization in [14]. Overall,
it should be noted that in the studied HEA, grain
refinement by ECAP increases the ultimate tensile
strength by more than 2.5 times, while maintaining
corrosion resistance at the level of the initial samples.

In order to further understand the enhancing effect of
ECAP on the mechanical and corrosion properties of the
FeNiMnCr HEA, an additional analysis was conducted.

The increase in ultimate tensile strength and
microhardness observed in ECAP+550°C samples is
primarily attributed to the significant grain refinement
resulting from severe plastic deformation. Transmission
electron microscopy confirmed the presence of ultrafine
elongated grains and high dislocation density, both of
which contribute to strengthening via grain boundary
strengthening and dislocation interaction mechanisms.
The increased dislocation density enhances strain
hardening and impedes dislocation motion, thus leading
to elevated strength.

The corrosion behavior is also positively influenced
by the ECAP process. The refinement of grain structure
results in a higher density of grain boundaries, which
are known to serve as preferential sites for passive
film nucleation. This likely improves the adhesion

and stability of the protective oxide layer, thereby
reducing the corrosion current density and increasing
polarization resistance. This is consistent with the
results reported in recent studies [15, 16], which also
observed improvements in corrosion resistance due to
fine microstructural features.

Our findings align with [17], which emphasized
the importance of phase composition and deformation-
induced effects in enhancing the mechanical performance
of HEAs. However, our study uniquely demonstrates
these improvements in a cobalt-free FeNiMnCr system,
which is particularly relevant for radiation-sensitive
environments.

Improved characteristics of ECAP samples of HEA
are of interest for the development of technologies
for producing materials with optimal performance
characteristics  for  operation under elevated
temperatures and aggressive environments in nuclear
power engineering, in the aerospace industry, for the
manufacture of parts with high strength and thermal
stability, as well as in medicine, due to good corrosion
resistance and biocompatibility.

CONCLUSIONS

The Fey(NiyMn,Cr,, HEA demonstrates remarkable
enhancements in both mechanical and corrosion
properties when subjected to ECAP. The experimental
results revealed that the ultimate tensile strength of
the alloy increased from 377 MPa in its initial state to
1013 MPa after ECAP and subsequent HT, while its
microhardness improved by 80%, reaching 3500 MPa.
Additionally, the corrosion resistance of the alloy
remained robust, with the ECAP samples exhibiting
a lower corrosion current and higher polarization
resistance compared to their initial state, indicating
improved surface passivation.

These improvements are primarily attributed to the
formation of an ultrafine-grained structure and increased
dislocation density, which enhance strength through grain
boundary and dislocation strengthening mechanisms.
The refined grain structure also promotes the formation
of a more stable and adherent passive film, contributing
to improved corrosion resistance.

Furthermore, the cobalt-free composition of the
alloy and its demonstrated stability under thermal and
corrosive conditions render it a promising candidate
for applications in the nuclear industry, chemical
processing, and marine environments where high
strength and corrosion resistance are critical under
extreme conditions.

These results confirm that precise thermomechanical
treatments of HEAs, such as FeNiMnCr, can enhance
their performance for critical applications in industries
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where materials are exposed to extreme conditions. Our
findings emphasize the potential of tailored processing
techniques in improving HEA properties for advanced
engineering applications.
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